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m e  work described in  th is  doc-nt was performed at the 
Nuclear Aerospace Research Faci l i ty  (W) of the Fort Corth 
Division of General DJmorics for the Space Nuclear Propulsion 
Office, Cleveland, Ohio (SNP0-C) under Stat-nt, of Work No. 6 
( A t t a c b t  J) ,  Cmtract ,AF29(601)-7077, Sk No. 10. 

lhis test  vas p e r f o m  to support the Transducer Irradiation 
Expe-nt sparsored by the Aerojet-Geaeral Corporation, Sacramento, 
Caltforcia. 
irradiaziao tests performed st WARF and was the f irst  to be con- 
ducted i n  tin2 In-Pile rube of the Aerospace Systems Test Reactor. 
The resulcs of the transducer test w i l l  be reported in  GD Fort 
worth Division Repart FZK-344. 

Tle trmsducer erperhsmtwas one of a series of NERVA 

The authors u i s k t  to ach<lr:edge the contribution of W .  E .  Dungan 
for tk coqutarior of t k  neutron spectnm. 
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The core of the 10-W AerGspace Systems Test Reactor has been 
modified t o  provide dn in-core i r r ad ia t f cn  f a c i l i t y .  
f a c i l i r y  consis ts  of a tube with an inside diameter o f  3.75 in .  
This i n -p i l e  tube occupies a former bel-element posi t ion near the 
center  of the core and extends cmple t e iy  through the core. It 
is  plugged a t  0p.e end and extends through the forward pressure 
plate of the reactor .  The tube is completely sealed sa as t o  pro- 
vide a dry i r r ad ia t ion  volume in the  high-flux region within the  
reactar ccre.  

This 

To provide data  on the  radiat icn field x i th in  the in-p i le  
tube f o r  use in plancing r ad ia t im-e f fec t s  experiments, an exten- 
s ive  mapping of the neutroa and gaxmna-ray f i a l d s  has been conducted. 
The primary e f f o r t  was the a x i a l  mapping of the heating rate by 
means of a pedestal-type alwnfnum calorimeter.  
the gasma f i e l d  were obtained by means of a 4-cc ion chamber a i d  
gamna dosimeters (cobalt  glass and theraeoludnescent). Neutron 
fluxes were measured with foils of various t)-pes+ 

Additional data on 

Tiata w e r e  obtained with the cafcrimeter a t  several  reactor  
power levels  rangiw f r m  0.273 t o  6.78 MW; coriespmding differen-  
cia1 tmeeratures measured acrcss the stem of the calorimeter 
ranged from 4.i3 t o  93.33%- 
3btained a t  1-89 IW by pcs i tLn ing  the ca lo i ixe t e r  (5y means of a 
:raversir.g mechar.isrn) a t  various Iscations over the length (24 in.)  
of the core.  
calorimeter was fomd t o  Ce 0.26s W!g AL-MV a t  a point approximately 
2 in .  above the center  of the core. 
heating rate i n  carbon is 0.283 W/g C-MS. "he e s t h a t e d  uncertainty 
is 3.6% at the 35% confidence level .  

A set of Frofi2.e measurements was 

Tne max2mm llieesured heat<% rate in  the aluminum 

The corresponding computed 

The LOP chmber w a s  used tc measure the gamna dose rate 
a t  a number of power l eve ls  frm zero t o  165 WJ; an accurate 
p ro f i l e  was obtained by traversing the detector  through t n e  care 
several  times st ea& pmer 'Level. 
for the neutron coqtribucion, the maximum dose raze i n  the in -p i l e  
tube (2 ip. above the  center  af the corej was found t o  be 
1.20 x 10' R/h-MW, with a9 estimated w c e r t a i n t y  cf 11.3% a t  tke 

A f t e r  making 3 small correct ion 



95% confidence leve l .  
with the  c a l o r i m t e r  t o  dose rates resul ted i n  values i n  close 
agreement with the ion-chamber data. 

COnversL-. 25 che heating r a t e s  = o s d  

Foi l s  and/or gamma dosimeters were i r rad ia ted  at peer leve ls  
of zero, 44.5 W, 455 W, and 1.65 kU (3 i r rad ia t ions) .  The gsrrs 
dose rates obtained fr-  cobal t  g lass  are i n  reasonable agreerent 
with the ion-chanhr  values. ThezmolumLnescent dosinme- - which 
were provided, read-out, and the data analyzed by Aercjet-Generd 
Corporation - gave results somewhat higher than the other metbods. 

The maximum fast-neutron flux measured with su l fu r  pellets 
is 1.36 x 1012 n/cm2-sec-W; conversion t o  f lux  above 1 HeV gives 
3.8 x lo1* n/cm2-set-W. 
n/cm2-sec-m. 

The peak thermal-neutron f lux  is 5 .5  x lo1* 

An extensive theore t ica l  development f o r  the c a l o r h e t e r  is 
presented, along with an analysis  of the heat  losses and the 
ca l ibra t ion  of the c a l o r h t e r  with an electric heater.  The ex- 
perimental apparatus ar?d procedures are detai led.  
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The cere of tke Arrpspace Systestr Test Reartcr (ASZ'R) bas 
been d i f i e d  by the installation cr' an in-pile-tube irrdiri- 
r im faci:--q. This eabe ccccples a former k1-el-t pcsi- 
tic-1 ?.car the cer,ter of  the ccre and utends c q l c t e l y  through 
+%e reactor core, temirratiag mtside t k  reactor pressure 
vessel. 
a c l a q ~ ~ ~  extension mbe or bv rewval and re-inserticm of 
the in-pile cube in a simple apcrrtion. 

Access to the t& is easiiy gahed, either by -e of 

'Lhe ASTB is a l O - ? U ,  -water-roderatd reactor loceted at 
the Nuclear Aercspacc Research Facility operated by the F o e  
Wc,~h D i v i s i o r ?  of General Dynamics. Tbe AS= is -as& fn rdiatian- 
effects and shiezdlng e x p e r a t s  in  support of various goverarwrt- 
sponsored prsgrars. One cf tbese erperirents imolved the 
lrradiaticn of press- transducers of the type used cm the 
XE-1 nozzle cf the engine (Ref. 1) ; the in-pile tube vas 
used for this test. 

The successful perfomatice of the transducer irradiation 
test required accurate knowledge of the nuc1-r heating r i te  
within the in-pile tcbe. Because this radiation field had not 
been extensively mapped, as exper-nt was plam~& for the pur- 
pose OF measuring not cnly  tke heating rate but the neutron 
and gara-rap fields as WE. 
the mapping e x p e r h n c  was t3 obtain data needed for the trans- 
ducer test, it was a h o  desirable to obtain data of general 
applicability t 3  any irradiation tests t o  be perfomed in tbe 
in-pile tube. To actievt these objectives, the mapphg experi- 
lLent vas dividcr! i n t o  thee main parts: 

Although tte prirary purpose of 

1. Spatial wpping  qicb f o i l s  ar.d gauma dosimeters. 

2 .  Pxiai mapping of the gaama dc;e rate vith a 4-cc 
carbon ion chamber. 

3 .  Axial sapping cf the nuclear heating rate wfth an 
a ldntm calorimeter. 

Experiaenta; conditions were adjusted t o  meet the requir2- 
ments of the v4riolrs detectors used. Six Irradiations, a t  a 
umximm pawer Level of 1.65 kid, were made t o  complete the 



spathl u p p i n g ;  m e  irradiation, at poeer L w e i s  fr- 0 t o  
165 Ldl, was u d e  to perfom the axial u p p i n g  with the ien 
chrkr;  and ,me krdiatian,  at pauler Lwels f r a m  286 kid to 
7 W ,  u u  made t o  obtain the heact- rate wltb e e  catorlater. 

In addition to discussing tbe cxpcrivntal procedures lcLd 
prermtfng the rrrulta of the ~ ~ t u r a e n t s ,  tbe errors in the 
-UrCICIlts are .nalped, and thc gama dose, 
and beati~g-rate u r r m n t s  ars correlated. C o t a  presarta- 
tian includes plots of the spatial distribution of thc radir- 

dose rate, 

cion field of thc As= b - p i I e  tube. 
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2 - 'L Calorireter  

1Ae pedestal-type c a l o r i r e t e r  shuun i n  Figure 1 is cme 
of the devices used to aeasure the radiat ion f i e l d  i n  the 
S ' L R  core. 
t i a l  between tu0 pointF near the ends of the ster, one can 
caiculcte  ti-: heating rate associated w i t h  this temperature 
difference a d ,  f r a  this, ca lcu la te  the g- dose rate- 

By measuring the steady-state  teqerature differen-  

- 
lbe calor-ter was designed t o  pr,t&e large temperature 

differences aver short  ps&. lengths, resu l t ing  i n  grea te r  
accuracy of lcraSurment, par t icu lar ly  at lav heating rates. 
The ca lor ine te r  is made of al\ainu and consis ts ,  e s sen t i a l ly ,  
of a t a rge t  ( b b ) ,  a st-, and a heat sink. 
is enclosed i n  a thin-walled alrrfa- d a e  evacuated t o  a pres- 
sure of aCmt 30 e c r m s .  
probe v i r t u a l l y  eliminates heat losses through a i r  convection 
and conduc tior;. 

Ibe e n t i r e  probe 

'Lbe rarefied air surrumding eAe 

If radiat ion losses are disregarded f o r  the ooaent, a l l  
heat  generated i n  the  probe at thermal equilibr '-m will essen- 
t i a l l y  be l o s t  through one -d ins i cma1  heat  f l a w  along the stem 
of tne  probe. This heat  loss can be calc-ilated very accurately 
f o r  hiah-purity 2s aluminmn, which has z 
t h e m i  conductivity of k = 0.57 cal/cm-sec-% from Oo t o  300% 
(Ref. 2). 
f u l l y  used t o  measure >igk dose rates i n  nuclear reactors  
(Ref. 3).  

r l a t i v e l y  constant 

Bea t  probes similar t o  t h i s  one have been success- 

2.1.1 Theory 

Assuming that the penetrating radiat ion i n  the reactor  
w i l l  produce heat uniformly throughout the small probe a t  a 
rate of q csl/an3-sec, one can write the s teady-state  tempera- 
ture  equation f o r  one-dimensional heat flaw (Ref. 4) along the  
s t e m  of the probe as 

3 
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 ow if t'he thermocauples are sepkrated by a dis'tance of L any- 
where along the stem af the probe having a cross-sectional 
area A, and if V' is the volume of aluminum (uptream from x = 0 )  
froe uhich heat wi1Z flow through the volume V 
thermocouples, then the born&ry conditions for solving Equation 1 
are : 

LA between the 

T(r)  TI at x = 0 

I(xj = T2 at x = i 

where b is the flux of heat into the end of the stem at x 0 
due to nuc1er.r heating in the vcl- V' . 

As sham in Appendix A, the so'iutlm of the boundary-value 
problem above gives the relationship between the heating rate per 
unit v o h e ,  q, and the teaperature differential, AT, betueen 
the thermocouples or; the stem of the probe. %ts relaticnsKF is 

2k A AT 
W ' + V  q - -  t (3) 

Using the diaerrslons given in Figure 1 (which were measured to the 
nearest 0 . W I  in. 3n 8 traveling microac~pe$,one obtains the 
following values: 

L - 1.862 t m  3 v - @.I82 cm 

Substitution of these values Lnto Equation 3 yields 

q = 1.146 LT x :aiicm3-rrc ( 6 )  

a c r e  
patible units. 

AT is i n  9 in ab: equations that follow and k Is i n  can- 

The nuclear hearing rate per unit ous3, q*, whfch is found 
by dividing Eq tion 4 by the density cf the alrarinm probe 
( P - 2 . ? 1  8/cm 9 ;, is 

5 



q* = 4 - 2 3  

* 1 - 7 7  

AT x lo-' ca1/g Al-sec 

lSf x loo2 watt/g A 1  
(5) 

This gives the ac tua l  heating rate per gram of alurninm i n  the 
probe. However, i t  i s  conventional t o  r e f e r  energy absorptions 
i n  a l l  materials t o  an equivalent absorption i n  a carbon stan- 
dard. I f  it is  assumed that the e n t i r e  heating rate above is 
due t o  gamm rays ,  as most of i t  w i l l  be, and tha t  the g-n 
energy absorbed per ta rge t  e lectron fs the same f o r  a gram of 
a l d n u m  and carbon, then the r a t i o  of the atomic number over the 
a t d c  mass f o r  carbon and a l d n m  gives an equivalence of 

1 watt/g A 1  = 1.038 w a t t  /g C 

Hence, the gamma heating rate per g r m  is  about the same fcr 
aluminum and carbon, and as a f i r s t  approximation the nuclear 
heating rate of Equation 5 f o r  a l d n m  w i l l  convert i n t o  a 
carbon rate of 

q: - 1.84 AT x 10-2 watt/g c ( 6 )  

where AT is  s t i l l  measured i n  9 on the aluminum probe. 

I n  order t o  obtain d i r e c t  comparisons with the ion chamber 
and other  measurements, q* can be converted in to  a gamna dose 
rate i n  roentgen per hour through the equivalence of 

9 1 cal /g  Al-sec = 1.782 x 10 Rr'h 

i f  me assul'res t ha t  a dosagc; of 1 $-his equivalent t o  the absorp- 
t ion  of 87.6 ergs of gama energy 'in a gram of air ,  regardless 
of the energy of the  gsrrJoas involved, and chat the energy 
absorbed per target electron is  the same f o r  a i r  and aluminum. 
Here, the ratio 95 zhe atomic number over the a t d c  mass for 
aluminum and air  gives an electron per gram r a t i o  of 0.965 t o  
make 1 R equfvalent t o  an energy absorption of 8 4 . 5  ergs/g of 
alwinum or 87 .7  ergs/g of carbon. 
heating i n  the reactor  t o  be due exclusively t o  gamas,  q* i n  
t e r n  of dose rate is  

Hence, again considering 

6 



This equation gives the gamsi dose ra te  fo r  a giver. reaccor 
power i n  terms of the measured temperature difference i n  'F 
between thermxnuples 03 the s t e m  of the calorimeter pos t :  when 
ar. e q u i l i b r i m  conditfon has been reached i n  which tmpera tures  
are not varying with t h e .  I f  one assumzs tka t  zteady-state con- 
d i t ions  are e s sen t i a l ly  s a t i s f i e d  when AT reaches 9W. of i t s  
inf ini te- t ime value, then (as derived i n  Appendix A) the t i m e  
required t o  approach equilibrium w i l l  be given by 

- AT t = --- 'E, ln(O.01) * 139 sec = 2.3 min 
q* i bx- 

P 
1 .? 

0 where C 
Thus, zguilibrium w i l l  be set  up rathi.: quickly after a change 
i n  the r e a c t x  power level ,  anti the  t i m e  required w i l l  essen- 
t i a l l y  be independent of the i n i t i a l  temppya- ire d i f f e rc - t f a l  
over the probe when the pcwer i s  changed." 

= 0.23 c d / g  - C i s  tk.? spec: ; i c  heat G f  ahminun. 

2.1.2 Corrections t o  the  Theory 

2 .1 .2 .1  lieat Losses 

The theory of the previouc sect ion requires all of the hea t  
generated i n  the probe a t  equilibrium t o  be conducted out 
through i t s  stem. To w k e  t h i s  a good assumption, the c ro t e  
w a s  positioned ins ide  an evacwted dome and attached t o  i t s  
water-cooled base. There w i l l  s t i l l  be some heat  loss through 
radiat ion upstrean! from the thermocouples, however, and t h i s  
can be estimared from the Stefan-Bolttmann law (Ref. 4) as 

Qr = 1.374 -4 €S(Tb - 
Here, Q r  i s  the ne t  rate of heat loss ir! the radiatiotl exchange 
between the ho t t e r  bob ( ta rge t )  of the probe and i t s  surround= - 
i n g  dome, which have average absolute temperatures of Tb and Td, 
respectively,  aad t: = 0.1 is the  emissivity of the semi-polisheci 
bob of the probe, which has a surface area of S = 7.13 cm2.  

* 
The i n i t i a l  AT would begin t o  have more and more influence 

on t i f  the quasi-equilibrium condition o t  99% of the final AT 
were s teadi ly  relaxed t o  lower percentages, Ln prac t ice ,  the 
equilibrium t i m e  A t a s  determined by the heat sink. 

7 



The maximun!  temperature measured an the target tx! -I 
the calorimeter stem during the highest :eve: ~ t '  r e s c t c r  
3peration ( 7  MJ, was 240"F, and the m a x i m  CemperatQre at t-.; 
mid-height of the dame was 17O'F 
over the bob of the prcbe shculd be oniy abzut ICL:  ET>, 5: 
that the average temperatLre c f  the  bcb will bo, akc-t 2+5&: 
CaLcuIations show t ha t  the very t i p  of the dcme snclr:-d tt: rhc.Jt  
twice as hot as its 1cwe.r r i m  a3a t-at the midpcint ;nr-L'lc nave 
rcughly the sverage tea?erat-ar-e cf the w o  extreaes ';e.zc.=. 
the 1 70°F tenre1 ature  a t  =id-height shcviid apprsxiuiate t:?E 
average dme temperature a t  t h i s  pcwcr level, a2d t i p - t -  ~ - 1 ;  
temperstures shou~d vary from zkcut ~23': ts f i sOt  -:t> ::.E 

xater-cocled base cf the  dcme havicg a teaperature cf . -b: . i t  
90% 

The teppera+,*zre # drffere3rifl 

Therefore, instead of havmg a steady-state k a t  f l t x  c f  
@ = qV'/A i a t o  the stem cf the prche, as i n  Eq-daticn 2. L ~ E  

wi.i actually have cqV - Q r - / A  This vili requirs tt-i te-x 
ZQr/(2V' + Vi t o  be adcrd cnta the right=?mnC side cf EdLati-3 - 
t3 gixre 

q = (1  i46 a? + 2 5 8 .  x * 1 r)7 c2i;cm3-sec : lG 
r -  where the measured AI far t k i s  p w e r  :evei is 9, t T - G ~ ,  the 

percertage ermr i c t r o d x e d  by neglectrng ra i ia t ic .7  A ; ~ ~ ~ i  3; 
estimated ~2 be 

AT 

which, fcr  the case abcve, gives an e r ro r  t f  C 5 8 1 .  I -  ?? = c 5 : c  

. >  ' I h ~ s  radiatian caAcu-ation is  v~': -y  -cugh, c f  :#:-: : e I  3 - n - t  
temperature distriburisns and gecnetrie; are ,argerv ig-rrec 
but one has on;y a L 5X zrror ir!  tr?o ucrst iyaginab-e :ais 
an cxidized probe i w l t t ;  1 = S ? that  radiates t: :-.e d;m a d  

E 



a dome that radiates Gnly to l t s  water-cooled base, fn this 
w-Jrst case, the first term of Equation 9 is multiplied by a 
factor of 3 and the second term drops ol;t completely. 
no doubt an overestimate, and it is very unlikeLy that the 
heat loss through radiation could amount to more than 2 or 37, 
for this highest level of reactor operatim. The fraction cf 
heat lost through radiation will decrease for lower power 
levels (Table 1) and will essentially disappeer for reactor 
operation below 1 MW, when the probe and dome w i l l  be maintained 
at about the same temperature. 

n i s  is 

Table 1 

ESTIMATED RADIATION HEAT LOSSES FROM 
THE PROBE AT VARIOUS POWER LEVELS 

'over Level (W)  
~ ~- ~ 

0.273 

0.455 

0.909 

1.890 

4.520 

6.780 

4 .1  

7.0 

13.4 

28.0 

63 .9  

93.4 

307 

310 

316 

328 

362 

392 

307 

310 

316 

322 

344 

350 

Qr x lo3 

0 

0 

0 

C. 74 

3.14 

8.40 

Loss ( x :  

0 

0 

0 

0.17 

0.29 

0.54 

In sumary ,  heat losses from the probe are thought not to 
exceed 2 or 3% for any reactor power, and corrections can be made 
for these losses by adding an addition81 term to Equation 5, as 
shown below: 

q* - 4.23 bX x + 0.255 CQ, caL/g AI-sec 

1 . 7 7  AT x + 1.062 CQr watt/g A I  

where C is a parameter that corrects the Qr of Equation 8 for 
temperature distributions and geametrical considerations; it is 
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thought not to exceed a value of 2. Pie Qr's for various 
reactor powers are listed in Table 1 for an emissivity of 
E = 0,l. 

The correspcndhg heating rate in carbon, corrected for 
heat losses bur still uncorrected for neutron heating, is obtained 
from the second expression of Equation II as 

i- = 1.038 q* watt/g C 
qc (12) 

= 1.84 AT x + 1-10 CQ, watt/g C 

Likewise, the gamma dose rate, corrected for heat losses, is 
obtahed from the first expression of Equatiorr 11 as 

1.782 qx x lo9 R/h 
i 13) % = 

6 = (7.54 AT + 45.3 CQr> x IO R/k, 

2.1.2.2 Neutron Heating 

9efore converting the nuclear heat2ng rate into a gama 
dose rate through Equation 13, one snould also make a. correctlon 
for neutron heating- 
neutron heating in the aluminum probe: 
neutron capture, 
spectrum cause heating mainly thrcugh elastic scattering, while 
those near thermal energies cause heating through neutron cap- 
ture. 

There are two significant mechanisms for 
elastic scattering and 

The kigher-energy neutrons in a reactor 

The rate of energy absorption in the aluminum probe through 
isotropic scattering of neutrms is givtn by 

9 
Ea = 2.46 x (E)f(E)d?i erg/g-sec *:e Q 

where 
for neutrons of energy E, in MeV, and f(E: is the differential 
neutron flux incident on the probe, 'If one assumes thst the 
diffezential flux ir. the in-pilz tube has the shape of Watt's 
fission s?ectrum, normalized to nlake its maximum value equal to 
ucity, then Equation 14 can be numericaily evaluated to give 

de$ (E) is the elastic scattering cross section, in barns, 

= 2;8k x loo8 erg/g-sec Ea 



where k i s  the normalization factor required to make the 
fission spectrum agree with the measured ASTX spectrum. 

The licutron flux abwe 1 MeV has been measured with sulfur 
detectors to give the flux per unit pwer level P as 

The normalized fission spectrum f (E) has been .wnerically 
iceegrated above 1 MeV t o  give a ?lux of 2 . 2  neutrons/cm2-sec, 
so that 

Therefore, the rate of energy absorption from elastic scattering 
in eixh gram of the prebe per unit reactor power w i l l  be, 
tram Equation 15, 

4.85 x erg/g-sec-watt Ea - =  
P 

Now 1 R/Q is equivalent t o  an energy absorption in aluminirm 
of 2.35 x 
in terms of a heating rate as 

erg/g-sec, so that Equation 13 can be rewritten 

(18) 5 q* = (1.77 AT + 106,Z Cor) x 10 erglg-sec 

At the centerline of the reactor core, where AT was measured to 
be 28OF for a power level of P = 1,89 NW, the heating rate per 
unit parer level is 

= 2.64 erg/g-sec-watt (13) P 

Hence, the percentage contribution of heating from neutron scatter- 
ing to the total  nuclear heating race in the probe is, from 
Equations 17 and 19, 

il 



1 - 84% 
io0 Ea 4-85 

qx 2-64 
- t - =  

Energy i s  absorbed frcm (n,?) reactions i n  the sluminum 
probe i n  two s tages .  The exclted compound nucleus formed by 
thermal-neutron capture w i l l  f i r s t  decay t.3 i t s  ground state 
through the emissicn of prompt gammas having energies of 7 .7  XeV. 
The radioactive aluminum-28 nucleus w i l l  then ! ~ V S  2 2-aJ-L-life 
of 2.3 min fur undergoing beta decay accumpanied by 
garrpna r aya  The upper-point energy f c r  t h i s  beta der s 2”87 
MeV; but a i l  lower energies can be car r ied  off, dep: . cn 
how the dis integrat ion energy i s  shared with accompsr 
t r i nosa  Thus, the capture of a neutrsn having essential’g nc 
kinet ic  energy w i l l  make available an e x r g y  of abcut 12.4 Me.’. 
a good f rac t ion  of which w i l l  be abscrbed and w i l l  go i n t c  heat- 
ing the probe. 

- 8-WV 

._ . nfu- 

The ( n , . ~ )  cmss section, cnr ( i n  barns:, i s  zppreciable only 
fo r  the near-thermal neutrons, so t ha t  if the average beta 
energy i s  ED MeV and i f  these electrcns are always stopped i n  
the probe, then the energy a5scrbed cnly frcm the beta pa r t i c l e s  
produced i n  a theml-Deut rcn  f lux  of 0 th  is  

3.56 

The therrrial-neutron f lux  per un i t  power l eve l  i n  the ASTR tube 
was detemined from the act ivat ion of bare and cadmium-covered 
copper samples t o  be 4 h/P = 5 x 
thermal cross s e c t i c n  kor the (n,r> reaction i n  aluminum-27 is  
0.21 barn, so t ha t  f o r  an average be t s  energy of 1 MeV, 

nicm2-ae---watt, and the 

E,/P = 3-74 x 10-2 erg/g-sec-watt (22) 

I f  one ~3sumes tktat the average path Lng th  Z 02 a gamma 
i n  escaping from the probe i s  0,75 cm,  t h a t  gamanas w i l l  on the 
average give up ha l f  of t h e i r  energies t o  e lectrons i n  Compto 
col l is ions:  and tha t  the average Compton cross section u f o r  
an aluminum atom i s  1 , 5  barns, then the energy absorbed &-om 
gawas once an (n,rj  reaction takes place is  roughly approxf- 
mated by 
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2 Such reactions will be taking place at the ral 
any @th reactionjg-se; ts give 

ct z023 x 10' 

or 

Ea/P = 1,2 x erg/g-szc-watt (23)  

The rate Qf energy abscrption from al: exit particies of 
( q , Y )  reactions is nGw given by combining Equations 22 and 23 tc 
abtain 

The percentage contriburion to the totar nulear heating rate from 
(n,Y) reacticris in the prcbe is then given, as in Equation 20, by 

which is almost exactly the same as thc elastic-zcatterizg con- 
tribution. Finally, combining Eqixatisns 29 and 25, the total 
contributim from aeutron hezting in the Frobe is estimateu to 
be 

Now having broken down the nuclear heating rate in aluminum 
Fnto contributions ?.-om ganr;ras and neutrons, and having further 
divided the neutron heating into equal. contributions from elas- 
tic scatterhg and capture reactj-ons, one can make better esti- 
mates for the heating rate in carbon and for the gamma dose rate 
thaki those ot Equations 12 and 13. The coufiterpart of Equation 



14 for the rate of energy 
scatterirg is given by 

abzcrpeion i n  carbon through i so t ropic  

(27) 

Ysnce* according t o  Eauatfcns 15 and 27, :he bia t ing  rate fr= 
elastic scattering fs 3.5 times as great in carbon as in ahmi- 
num €or the same neutron flux. 

Therefore, since gaxmna heating is 1.038 times as great in 
carbon as i n  aluminmi and since neutron capture i n  carbm i a  
neglS -Lbfe, the ASTR heating rate i n  a i M n u P ,  qat vi11 E r a r . 5 -  
form i n t o  an equivalent heating rate i n  carbon of 

!!sing the corrected heating rate i n  a'.unin-.ns frm Equation 11, 
t h i s  f i na r  formula f o r  the heating rate i n  c2,rbon bec-s 

as compared t o  Equation 12,  where neutron heaticg vas igncred, 
and t o  Equation 6 ,  where both neutron heating and neat losses 
were ignored. 

That part of the nuclear heating rate in a l d n u c  due only 
t c  gamma rays i s  given by q; = a.963 q* cal/g-sec,  so t ha t  the 
gaxmna dose rate in t he  ASTR is 

(33) -. 9 1  q z  = 1.?82 q+ x 10' = f.;i6 q* x 10 R;h 
Y 

According t o  Equation I:, this final fcrm for the c .xe  rate -be- 
come5 
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By supplying a known amcunt of e l e c t r i c a l  pcwer t o  the 
heater ,  one can mzasure the s teady-state  temperature differen-  
tial between thermocouples c3 the sten! of t h e  probe and compare 
t h i s  measurement M.th the calculatea value obtained fram 

35 Po 

where AT i s  i n  OF, P, i s  the electrical power in  watts, L is 
t k  separation dis tance between the theisocospies on the stem 
of the pro’w, A is the cross-sect ional  area af the stem, and k 
i s  the thermal conductivity of the aluminus This equation i s  
obtained by s e t t i n g  q = 0 i n  Equation 1, s ince  there i s  no heat 
generated i n  the stem of the  probe, and by s e t t i n g  the flux of 
heat down the stem of the  probe equal t o  8 = 0.239 P /A cal/cm2-sec 
i n  Equation 2,  sa t ha t  i t  appl ies  f c r  simpLe conductfoil with no 
heat losses .  

Now, one could measure AT f o r  various e l - i c t r i c a l  poters 
m and p lo t  a curve of LE vs  Po (Fig. 2 )  so :itat if the heat 

losses w e r e  the  sane i n  both cases, t h i s  could be used as a C a l i -  
bration curve fcr the reac tor  test .  For example, one could 
read Po from the curve for a given AT and ca lcu la te  a nuclear 
heating rate in the II = 3 . 9 4  g of e f f ec t ive  aluminum mass zp-  
stream of the thermocouples as 

a i  
po - = 1.082 P, x lo8 R/h 0.239 

31 -- 
q: m g-sec (33) 

Here, m * GCV’ -t V/2> i s  the mass of an imaginary aluminum bob 
which, when uniformly heated a t  a rate of q, would give the same 
AT when attached t o  the ac tua l  stem as wmld the same uniform 
heating rate of q throughout the b3b and stern of the real probe. 
(Appendix A ) .  Thus, the use of an e f fec t ive  m a s s  corrects  f o r  the 
d i r f e ren t  d i s t r ibu t ion  of heat generation from electrical and 
nuclear power. 

The assmpt ion  of equaf heat  Losses i n  the laboratory c a l i -  
brat ion ar,d i n  the reac tor  test  is f a r  frob va l id ,  however, 
because the heating element prGvides addi t ional  surface area for  
hear losses i n  the laboratory and the containing c y l i n d e r  i s  not 
heated, as is the dcme i n  the reac tor ,  Conseqaencly, larger  
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temperature d i f f e r e n t i a l s  are developed between the her te r -  
probe un i t  and i ts  container.  I n  addi t ion,  the hollow al-intm 
cylinder used t o  couple the probe and the heater together hrd 
an unpolished, dull f t n i s h ,  as did the lrrger a l u i n u  cylfr*ler  
required to  cantain the bulkier unit, sa that radiat ion e m i s s - d i ~ y  
vould be cansidcrably increased. Thus, the net heat loss  t h r w h  
radiat ion i n  the laboratory vould be grea t ly  increased mer that 
i n  the reac tor  through both a larger a i r r i m  frar the praba- 
neater un i t ,  bcc~uure of increased surface area 8nd crnfssivity, 
and a r e l a t t v t l y  smaller return d s s i a n  frm the ualls of the 
cantairsing c>-l ixkr ,  vhfch are essencfsl ly  a t  roau temperatu~u. 

I f  one were able t o  accurately calculate the k a t  losses 
i.n the laboratory md i n  the rtaccar, H 
thm the ca’l_ibratian curve could s t i l l  ke u s :  eo ca tcu la te  nuciaar 
b a t i n g  rates f r o r  

8nd $, respectively,  

0.239 Po - HL + ul - 
II 8-sec q* = 

This would e s sen t i a l ly  be a ca l ibra t ion  only fo r  the c h r r u l  con- 
duct ivi ty ,  havcver, s h c e  a l l  other q u a n t i t i e s  i n  che theory, 
corrected fo r  heat losses, are d i r e c t l y  mearur8b:r co(lstants, 
and the conductivity of pure altraimr i s  known with u x h  greater 
accuracy than are the heat losses. 

Therefore, unless heat losses can be eade roughly the 8- 
i n  th2 laboratory and i n  the reactor, then, a f t e r  t8tiSfyt-  
oneself that the calorimeter operates p r o p e r l y  i n  the Laboza- 
tory for lover pawr 1evels, where heat lot8es 8re iregli8ible, 
a . d  that heat losses vi11 be small i n  the r e a t t o r  f o r  a l l  pcuer 
levelc,  one might just as -11 use Equation 7 t o  c a l c u h t e  loss- 
free gama dose rates rather than trylryl t o  ca’ifbrate the probe. 
Equation 7 is obtairred by solving Equation 32 for  Po 8nd rub- 
a t i t u t i n g  i n t o  Equation 33,  SO that when one plo ts  the calculated 
curve of 
curve measured i n  the laboratory, as i n  Figure 3, then the  d i f -  
ferer.ce in these curves ind ica t r s  heat losses  i n  the laboratory 
i f  al f  input data t o  rhe cheory are correc t ,  and apparently 
they are since the l c r e r - m e r  p a r s o f  the curves agree when 
heat losses are negl igible .  

A I  vs Po from Equation 32 and c a p a r e s  t h i s  t o  the 
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A brief reviav of cal ibration att-pts is i n  or&k -before 
discussing :he firrl erlibraolon curve of Fieutc 3 Lrt g m r t s r  
d e t a i l .  Seat Losstr measured i n  :he f irst  c a l t b r a t i m  
atr,empt &re 8hc.m i n  the 1sft-Piid side of Table 2,  and ca'l- 
CU18tbrtS rtquircd t o  explain there losses art sham fn the 
right-hand s i d e  of tha t a b l e .  
ccn&a&es are dctarrrirmd for various ulaccriedl p a w r  inputs by 
scmtparing zhe=uuph teaparrturu differentials to calculated 
values fraP Equation 32.  The averasat probe-heater tmaperatures 
necessary for explaining there a4taaured heat lorsir-t are cal- 
culated from the Strfan-Boltzaann radlacton l a w  and are l i s t e d  
i n  the Tb colwm, &rue ir !.t ass- thit ehe emissivity of 

plight be as high as 0 . 5 ,  a d  that the rick v r l l r  of thr con- 
taining cylinder are luintaiCned a t  a ccmst8nt ceqerr ture  of 
297%. 
there temperatures, 8nd percentage losses are calcubaced frac 

The taeatured haac-loss per- 

the d d l  almrinua coupling, b v i q  a surfacr area of 2 7 . 9  LP) 2 , 

T)* tttrt losses themselves, Q ~ ,  are then sttown frr 

100 Qr/P, 

P 7 

Calculated T Qr 
($1 (watts) Heat Loss 

1 I (2) 
(w8ttS) 

' 

7 

1 306 1 0.079 1 U:: 

I 

I o.s l  i 6 . 2  I 7 . 3  1s .  1 
i 4 

0.156 ' 1.0) 12.9 i5.l 14.5  I 316 

Table 2 

The temperatures needed t o  explain the results above through 
radiation losses are quite  reasonable and only require temperu- 
ture differentials  over the  probe-heater unfc of 18', 29'. &so, 
and 53%, from ltwer to higher puwtrs, where the nwagured tempera- 
tures on the stem at  rhe base of the bob are 82', 91 , 108'. and 
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142OF, respect ively.  The temperature a t  the point whe;e the 
wire ectercd the heater element was monitored f o r  the higher 
&-watt power and was found t o  reach 260%. 
the temperature of the hot end of the outer nluarinum c o u r l h g  
w u l d  be cmrlderably  less than t h i s ,  but i t  might w e l l  ay- 
prorrch 195% as ruggested by the rough calculat ions abare. 

It i s  thought t ha t  

Thus, we have nQy shown that the discrepancies i n  the i n i t i a l  
ca l ibra t ion  attempt can be largely explained tivough radiat ion 
losses (Table 2). and that rad ia t ion  losses should be about 
t h i r t y  times as grea t  i n  the laboratory as i n  the reac tor  
(Table 1). Hence, i f  L t  can be dewnst ra ted  tha t  t h s  calorimeter 
d l 1  operate p r c p e r l y  i n  the laboratory f o r  low-power leve ls  
where heat losses  can be r e s t r i c t e d ,  then the  probe can be used 
v i t h  considerable confidence i n  the reac tor  without regard t o  
the ac tua l  ca l ib ra t ion  data obtained i n  the laboratory under 
diffazcnt  conditions.  

In  order t o  restrict heat  losses  in t h i s  f i n a l  ca l ib ra t ion  
to  roolthing on the order of those ewected  i n  the reactor ,  the 
probe-heater un i t  was wrapped i n  a bright  aluminum f o € l  having 
l 1~ d r r i v i t y  end the ins ide  of the containing cyl inder  was  
l ined with asbrstoo paper. The measured temperature differen-  
t i a l s  under these conditions are compared t o  values calculated 
from Equation 32 i n  "able 3, and the r e s u l t s  are plot ted i n  
F igure  3.  
the reactor  i s  found froan the calculated curve of Figure 3 and 
is rubr t i tu ted  i n t o  Equation 33, then one obtains the theore t ica l  
dose rates 
Using the -sued curve in :he %¶me manner cor rec ts  f o r  heat 
losses i f  reactor  condisiona are s h u l a t e d  by t h e  spec ia l ly  in-  
sulated probe-heater unit. 
expected t o  hold e z a c t l y ,  bit the t r u e  ca l ibra t ion  cume is  
expected tc  f a l l  acmewhere between the two curves of Figure 3, 
and i t  should probably be c loser  t o  the calculated curve. 

I f  the heater  pawer corresponding t o  a measure AT iii  

f Equation 7 for the  case where no heat i s  lost .  

Neither of these conditions is 
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P 
(watts 

1.02 

2.03 

4.15 

7.33 

10.17 

HEAT KISSES IN FINAL CALIBRATION 
OF THE CAURIl€3ER 

A7 
Exp . 

14.2 

27.7 

56.0 

103.4 

135.5 

OF 1 
Calc. 

14.6 

23.1 

59.6 

110.9 

165.9 

2 .7  

4.8 

6.0 

6.8 

7 .1  

Nan-Mire 
H u t  Loss 

(XI 

1.2 

3 . 3  

6.5 

5.3 

5.6 

The percentage of heAt l o s t  through the capper heater  wires 
a t  a power of Po is  approximated by 0.03 AT/Po, where 
the temperature difference over t b  le :th of the wire. This 
temperature difference has been measured t o  be l S S 9  a t  a heater  
power of 4 w a t t s ,  so t ha t  the heat  loss through thz wires is 
about 1.57.. 
cal powers, s ince a / P 0  changes slowly with power. Therefore, 
by adjust ing the powers of Table 3 f o r  a constant heat loss 
of 1.59. through electrical wires, one can reca lcu la te  AT f o r  
the probe and obtain s t i l l  b e t t e r  agreemect between theory and 
measurement, as r e c x d e d  i n  the  f i t a l  cclumn of the tab le .  
Thus, Table 3 indicates  that the  cahrimeter would be accurate 
t o  within about 1% or better i f  a l l  heat losses  could be pre- 
vented, acd, coupled with the data of Tables 1 and 2, t h i s  
completes the ve r i f i ca t ion  of calorimeter operation i n  the 
reactor ,  i .e. ,  Table 1 implies that radiat ioq heat losses  are 
sruzll i n  tke reac tor ;  Table 2 implies t h a t  heat losses are 
mostly thzough rad ia t ion ;  Table 3 implir-s good accuracy i s  obtained 
when he&+ losses are small. Consequeatly from Tables 1, 2,  and 3, 
i t  mi;;. be csncluded t h a t  the calorimeter w i l l  provide accurace 
neasurements i n  the reactor  f i e l d .  

AT is  

This is  expected t o  hold roughly f o r  a l l  electri- 
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I n  8-ry, the ca l ibra t ion  technique, 8s outl ined,  cannot 
h used t o  correc t  for c a l o r l u t e r  err011 kcause of the large 
difference i n  h u t  losses i n  the tu0 appl icat ions.  
Indicate,  hwaver ,  t b t  the calorimeter is operat t ry  properly 
a& that the input data t o  the theory are cor rec t  t o  uf th in  a 
percent or sc .  brewer,  i t  indicate8 t h a t  the c o r r e c t h a s  fo r  
heat losses in the reactor as u d e  i n  Equations 11, 12, and 13 
should be roughly VaiLd. Hence, tb f i n a l  f o r u l a s  of Equations 
29 and 31 w i l l  be used t o  ca lcu l r re  the carbcm heating rate and 
the 8- dose rate i n  the As-. 

It d-s 

2 . 2  Ion Ctumber 

2 . 2 . 1  Ch~ractarirt ics 

The 4-cc carbon ion chamber is desipmd t o  measure hr8t 
gama-ray doses In  the presence of  n e a t r m s  I n  a reactor  f i e i d .  
It opsyates by the act ion of 8 . g .  rays Imocklng electrons froa 
m outer electrode; these electrons,  in turn, Ionize the gas 
between the m:cr I.-lactrode and an inner one. The ions thus 
foracd are drawn t a  t h e i r  r e s p c t i v e  t1ect::sder and the r e s u l t -  
ing current Is measured by means of a su i t ab le  csrrent-measuring 
davice. 
su i t ab le  io ren r l ty ,  the r e h t i m s h l p  between exposure dose r a t e  
and output current  Is c8tab1Ashed. 

By exposing the c h u b t r  in a known 8.sau-r.y f i e l d  of 

The ion chamber used i n  t h i s  experiment has electrodes of 
nuclear graphi te  and is f i l l e d  with C02 a t  a pressure of 760 
sp-Hg; the ac t ive  voltme is o y p r o x h t r l y  4 cc. %e outer 
electrode is 0.25 In. thick,  su f f i c i en t  t o  provide electron 
equilibrium fo r  reac tor  rad ia t ion .  
have been invcstfgatcd cxtcrisively (Ref. S j ,  and thef r  pr incipal  
cha rac t e r i s t i c s  a re  strrnnrriztd as f o i l w s ;  

Ion chambers of t h i s  type 

Parameter Value - 
Dose-rate range 
Neutron s e n s i t i v i t y  2.5% 
Direct ional i ty  Response subs tan t ia l ly  

Temperature s e n s i t i v i t y  0.1% peg between 75' 

10 t o  5 x lo7 R/h 

f l a t  w i t h  angles from 
Co t o  140° 

and 120 F 
Current output 10-11 t o  10-6 amp 
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Paraaeter Valur: -- 
Linearity 

Precis ion 
Accuracy 

- + 3% or better on 
a l l  ranges with re- 
corder readout 
+ 1% 
T - lox 

2 . 2 . 2  Neutron Sens i t iv i ty  

The measured Sens i t iv i ty  of the Ion chamber pe r  u n i t  neu- 
tron f lux is given as a function of incident energy in Reference 5 .  
!f t h i s  response i s  numerically integrated over a neutron 
f i s s ion  spectrum, n o m l i z e d  t o  give a neutron €lux per w a t t  
above 1 HeV of 3.8 x lo6 n / d - s e c - v a t t ,  then one obtains a 
neutzm s e n s i t i v i t y  a t  the core center l ine  of - 2 . 1  R/h-watt Ns 

Bac,z\i on the calorimeter data, t h i s  amounts t o  a correct ion of 
2 . Z  f o r  neutron response i n  the ion chamber. This correct ion 
i s  applicable t o  a l l  core posit ions.  

2 . 2 . 3  Calibration 

The gama s e n s i t i v i t y  of the ion chamber w a s  determined by 
put t ing i t  i n  the known f i e l d  of a cobalt-60 i r r a d i a t o r  and 
monitoring the chamber output with a picoamreter. 
t i v i t y  w a s  checked over a period of three d a y s  t o  ver i fy  the 
s t a b i l i t y  of the  detector  and instruments. 
m e t e r ,  power supply, and cables were used i n  the i r r ad ia t ion . )  
In  a f i e l d  of 2.09 x 105 R/h, the current was 8.60 x IOo8 amp, 
giving a s e n s i t i v i t y  of 2.43 x 10l2 R/h-amp. 

The sensi-  

(‘%e same pico- 

The cobalt  i r r a d i a t o r  source cons is t s  of seven v e r t i c a l  
penci l  sources, 6 . 5  i n .  long by 0.5 i n .  in dim, equally spaced 
t o  form a cy l indr ica l  geometry. 
array C ~ P  be varied from 1.42 i n .  t o  7.45 i n .  The source 
s t rength a t  the time of ca l ib ra t ion  w a s  about 980 C i .  

The diameter of the source 

I n  the ca l ibra t ion  procedure, the ion chamber was posi- 
tioned a t  the center  of the source array. 
source array was 5 i n . ,  so t h a t  the dose-rate var ia t ion  over 
t h e  detector  was s l i g h t .  The center  posit ion has been 

The diameter of the 
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calibrated by several methods: an absolute ion chamber, a 
ceric chemical dosimeter, and a Victoreen R-Meter tbat was 
calibrated 
The values agree to wichin + 3%. 

at NBS usiq an intermediate source and i c n  c:.amber. 
Dose rates are reproducible - 

to - + 1x .  

2.3 Eosizeters 

2.3.1 Cobalt Glass 

When cobalt glass is exposed to garnap radiation, it 
undergoes an increase in optical density that is proportional 
to the exposure dose. 
the density at selected wavelengths with a B e c h n  DK spectro- 
photometer 3cth before and after irradiation. 

This property is utilized by reading 

Because of its high sensitivity tc the t h e m 1  neutrons 
in a reactor field, cobalt glass is enclosed in thermal-neutrm 
shields of borated epoxy. The sensitivity to fast neutrons is 
less than 1%. 

4 The sable dose rarrge of cobalt glass is from about 10 

plates in the known field of the cobalt-60 irradiator and 
reading the light transmission both before and after irradia- 
t i o n .  EXpGSUreS are normally made for several tine durations 
so as tc provide calibrated dosimeters €or the usable dose 
range. 

to 2 x 10 B R. The dosimeters are calibrated by exposing the 

2.3.: Thermoluminescent 

These dosimeters make use of the thermoluminescent pro?er- 
ties of calcium fluoride (manganese activated) and lithium 
fluoride. 
tion, electrons are raised to metastable states. Upon the 
addition of energy in the form of heat, the electrons return 
to their ground states with the emission Df visible light. 
The light output is read and related to the exposure through 
a calibration in the known gamma-ray field. 

Whzn these materials are exposed to ionizing radia- 

Since these dosimeters can be reused many times, the ones 
used i .n this experiment were given A low exposure (-100 R) 
and read out in the usual manner. These data were then tsed 
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(by AGC) to correct for variations fn response (up to 25%) 
among the individual dosimeters. The dosimeters were then 
baked out prior to exposure in the reactor field. 

Data reported in this document were obtained by use of 
calcium fluoride and lithium fluoride microdosimeters (CaF2:Mn 
and Li7F), miniature lithium flucride dosimeters (mLi7F), and 
hot-press calcim fllroride dosimeters (HF CaF2:Mn). 

The calcium fluoride microdosimeters consist of CaF2:Mn 
power hemetically sealed in very small glass tubes (0.9 mm 
by 6.0 m) . According to 
the manufacturer, fast-neutron response is 1 x 10-9 R per n/cm*. 

The exposure range is 1 R to lo5 R. 

The Hthium fluoride microdosimeters are constructed in a 
manner similar to the calcium fluoride dosimeters. The re- 
sponseof lithium fluorids as a function of gamma-ray energy is 
about 10%. 
sponse, whereas lithium-6 dosimeto,rs have a high sensitivity to 
thermal neutrons. 

Lithium-7 dosimsters have a very low neutron re- 

The miniature lithium fluoride dosineters contain 10 mg of 
Li7F in a glass capillary 1.4 nrm in diameter and 12 mm long. 

The hot-press calcium fkioride dosimeterc, formed at high 
temperatus" and pressure, are rectangular pellets with dimen- 
sions of 1/8 b 1/8 by 1/16 in. The dose range is given as 
5 mR to 3 x 10 3 R. 
2.4 Foils - 

2.4.1 Types 

Neutron-flux measurements were made by foil-activation 
techniques. 
exposed in the in-pile tube and the level of radioactivity 
w a s  subsequently determined by counting beta-particle emission. 
From the measured count rate, the saturated activity was com- 
puted, and this information, vhan combinec! with the activation 
cross section and number of atoms of radioactivanc, was used 
to determine tk flux of neutrons in specific energy regions. 

Foils or pellets of selected radioactivants were 
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The procedures a r e  w e l l  established ana need nct  be elaborated 
on here;  hoKever, de ta i led  discussions of tb.. theory and 
pract ice  of neutron-flux measurements i n  reactor  f i e l d s  may 
be found i n  References 6 th--ough 8 .  

The radioactivants used i n  t h i s  experiaent are de- 
scribed i n  Table 4 a  The most numerous measurenents were made 
with su l fu r  p e l l e t s  and zopper and a‘uminum f o i l s ;  the addi- 
t i ona l  f o i l s  and p e l l e t s  (two sets o r  each) were exposed Cur 
the purpose of roughly defining che neutron spectrum, 

2.4.2 Calibration 

The eff ic iency cf a par t icu lar  counter for counting a 
pa r t i cu la r  type of f o i l  i s  defined as the ra t ic  of the count 
rate of the f o i l  on the spec i f ic  counter t o  i t s  a b s o h t e  d is -  
int$gratjo? rate. Since the fc i l s  used fcr routine f lux  
measurements are frequently not su i tab ie  f o r  absolute counting, 
and the counters used f o r  i-o;itine counting are not absolute 
counters, i t  i s  necessary t c  determine the counter efficiency; 
hence, the  absolute d i s i n t e g r . t i o n  rate must be determined. 

The efficFencies cjf the r su t ine  ccuntfrs  f o r  counting the 
various t y p e s  of f o i l s  have been determined by c a l i b r a t i m  
procedures which are repeated per iodical ly-  I n  these cal ibra-  
t ions,  the f o i l s  are i r rad id ted  t o  a su i t ab le  ac t iva t ion  leve l  
and then counted Gn the r o u t h e  ccunter and a l s o  by an absolute 
method. The absolute dis integrat ion rates are usua:ly measured 
by one o r  both of t w c  methods. 45; counting or  beta-garmna coin- 
cidence cgunting, 
c i e n t l y  large capture cross  szction are a l s o  i r rad ia ted  i n  
the known thermal f lux  of a standard p i l e ,  and the unknown 
rhennaf-neutron f lux  caii then be obtained by a d i r e c t  compari- 
son of count r a t e s  on a routine counter,  

Thermal-neutron detectors  having & s a f f i -  

The 47r technique consis ts  of dissolving an act ivated f o i l  
i n  a common acid,  depositing an al iquot  of t h i s  solution con- 
tz ining a known fract ior .  of the f o i l  on a th in  sample holder,  
and cmnt igg  t h i s  samplp_ i n  a 4~ counter. 

The beta-gannna coincide1:ce technique can be employed fo r  
radioactivants having simp1.e decay schemes - idea l ly  a s ingle  
beta p a r t i c l e  accompanied by a single  gamma rag. 
measureinent of the number of beta counts, the number of gamma 

From a 
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Camts,  8nd the -r of coincidtnt  bet8 and g- counts, 
the absolute d i s i n t q p t i o a  rate can be c a p u t e d  (Ref. 4 ) .  

b n y  of th fogls l t s t e d  i n  Table 4 are not amenable t o  
calibratiar by 4r cowtmg ( r e l a t ive l ?  insoluble),  coincidence 
camting ( c q l e x  &;or not -11-kam decay s c m s ) ,  or 
irradiatiar i n  tbc standard p i l e  (cross sect ion small and/or 
hlf-l ife lq). %refore, &e ac tua l  calibratims i n  these 
c u e s  -re by cme of tbe fo l l a r ing  rczhcd8 (Ref. 8): 

1, A v.Aative rcthod r l o y i n g  4r counting af special 
detectors manufactured with a l r r inu  su l f a t e  ias,tead 
of 8 L t r i n u  powder. Since these f o i l s  are readi ly  
soluble i n  acid, they could be ca l ibra ted  by the 
4- technique. 

f lux,  a direct amparisan of count rates on a 
routine counter was obtained. 

By i r r ad ia t ing  tbe standard and 
specid f o i l s  s i u l t a n e a u s l y  in the s g e  neutron 

2, A c q d s o n  method requiring ac t iva t ion  i n  a ham 
thermal flux. I n  order t o  obtain su f f i c i en t ly  high 
f lux  levels, i r r ad ia t ions  =re vade i n  the -tic 
tube of the Ground Tes t  Reactor, and the t h e N 1 -  
neut- f lux  w a s  measured with gold f o i l s  t ha t  
c d d  be ca l ibra ted  independently. 

3. A relative rethod employing similar f o i l s  having 
Ccmrsnr countins e f f i c i enc ie s  . 

The calibrz*ion method and the estimated calibration 
accuracy fo r  the various foils are given in Table 5 .  
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Table 5 

FOIL CALIBRATION ISlWOD 

Element 

Lutetim 

Europim 

Indiun (n,Y) 

Gold 

Samariu 

Tungsten 

Lanthanla 

cabrim! 

manest 

Copper 

PbSpt lOtur r  

Indium (n,n') 

Altdn- (A1 mmtrlx) 

A l d n t m  (A1 foil)  

Calibration 
mthod 

Relative 4 r  a 

Relative 4r l 

Knmm fluxb 

standard flux; f3 - r 
coincidarce 

Relative 4r a 

Knmm fluxb 

ltnawn fluxb 

m l a t i v e  bra 

4T 

4r 

4T 

4r 

Relative 

6 - 'Icoincidencc 

~ 

Estimated 
Accuracy 
e 

5 

5 

13 

4 

5 

23 

16 

5 

5 

5 

5 

5 

5 

3 

a 

bln -tic tube of Ground T e s t  Reactor 

Special pellets u d e  with r l \ r i n u  sulfate  
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3.1 Aerospace Systems Tes t  Reactor 

The ASTR is a heterogeneous, enriched, light-wter-roderated 
and -cooled therm81 reactor. 
right-circular cyl inder  76 in. i n  length and 34 in. in diPreter. 
Tbe core is  composed of twenty-nine fuel  elerats containing 
155 g each of uranim-235, four elenents cantaining 104 g each 
of uraniun-235, and three control-rod assemblies. 
elements are arranged in a 7 x 7 matrix w i t h  the three elerents 
i n  each corner miss-. 
each end. 
sure vessel constructed of 3/8-in. stainless steel. 

me des- is roughly tha t  of 8 

Ihe fue l  

A l u i n u r  gr id  plates support the core a t  
The gr id  plates  are bolted inside a cyl tndrical  pres- 

The AS= lift-tilt rchnism has a 12.5-in.-diam LS-ft-strolre 
hydraulic ram w i t h  a yoke! attached t o  the top of the ram. 
reactor is supported by trunaicm f i t t i n g s  in the yolk and can be 
positiomed either forward-end up or  forward-end danr by WIIIS of 
tu0 hydraulic jacks oa the yoke!. 
180° i n  either direction. 

'Ibe 

The reactor can 8180 be rotated 

The ASl'U tank i8 17.5 f t  in dicncter and 17  f t  deep, 16.5 f t  
of which is belaw grade level. 
t o  accept 8 variety of upper-tank conf&praticms. 
periments reported here, the upper tank YPI) a 3-ft utetuioa, 
open at the top but crossed by two heavy, pasallel I-beams. 

The top of the tank is flanged 
For tbe ex- 

3.2 AS= In-Pile Tube 

The ASTB in-pile tube, located in core lattice position 0-3 
(Figs. 4 and 5), is 4 in. in outer d i l l e t e r  with 8 nominal w a l l  
thickness of 0.125 in. It is constructed of 304 stainless  steel. 
"he b o t t a  of the tube is closed by a 0.125-in.-thick welded 
plug, and the top closure or e t t a b n t  is made by a W u w n  V- 
c l a q  w i t h  an O - r i a  seal. The tube is held i n  the reactor by 
an O-ring flapqe and two captive bol ts .  

The tube extends approximately 1.5 f t  through the core in to  
the a f t  plenum chamber. 
extends 10 in. through the pressure plate.  An alumlnun extension 
tube 42 in. long was attached t o  the upper end by means of a 
Mumon clamp. 

The upper, o r  forward, end of the tube 
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For these experimemts the ASTR was  i n  the fu l ly  lowered 
position with the forward-end up. The extension tcbe extended 
up rud  and terminated 3 f t  below the water level of the ex- 
tension tank. R e  test fixtures were instal led by raising the 
reactor u n t i l  the extension tube was  above the w a t e r  l ine;  the 
tes t  f ixture  was then inserted and fastened with a Xarmxln clamp 
and the reactor lowered t o  the full-down position. Removal  of 
the test fixtures w a s  achieved in  the reverse sequence. 

3 3  Calorireter 

The calo-ter (Figs. 6 and 7 )  emphys an aluminum probe 

Thermocouples were mounted i n  the stem a t  
mounted on a water-cooled heat sink and otherwise therPPally 
isolated by vacuum. 
the bob and near the heat sink t o  -sure the temperature gradient 
required in  Equations 5 ,  6 ,  and 7 (Sec. 2.1.1). 

The calorLaeter section proper is about 6 f r  long and con- 
sists ef the detector head supported by three cooling-water 
l ines,  a vacwm l i n e  (spot-welded t o  one of the cooling-water 
lines), and two thermocouple extension cables. 
nates with a f i t t i n g  and each cable with a piug. 
cables are stainless-steel-jacketed and each contains four 24- 
gage w i r e s  insulated by magnesium oxide. 

Each l i n e  tend- 
The extension 

The probes (several were made) were machined from both 1100 
al\minum and from bar stock cast a t  the Metallurgical Laboratory 
frop an ingot of Reynolds aluminum, The a n a l y s i s  provided with 
the ingot showed a composition G f  99.79% A I ,  0.0T- Si, 0.13% Fe, 
and 0.01% G a .  The bar-stock castings were x-rayed (two angles) 
and tested ultrasonically; those showing defects were rejected. 

After machining, the probes were again x-rayed, weighed t o  
1mg on a microbalance, and the dimensions obtained. 
dimensions were masured with a micrometer t o  the nearest m i l  
and with a traveling microscope calibrated t o  0.0001 i n .  
the dimensions and weight, the density of the 

The 

From 
robe used in  

these experiments w a s  computed to  be 2.?1 g/cm 5 . 
The thermocouples were mounted i n  d r i l l ed  holes 0.013 in. 

i n  diameter and 0.020 in. dcep. 
couple lead, the w a l l s  3f the hole were pressed i n  t o  hold the 
w i r e  i n  place. 
the probe, but because of a break in  me of the feedthrough 

After insertion of the thenno- 

Four themxou?les were i n i t i a l l y  mounted in  
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w i r e s  which could not  be repa i red ,  one pzi? of thermocouples 
was removed p r i o r  t o  the i r r a d i a t i o n  test .  

The thermocouples w e r e  made by spot-welding crossed 
wires of 26-gage (O.OOSO-in.-diam) c h r o m l  and alumel. The 
3il-gage wires were wrapped around and soldered t o  the 24-gage 
(G.WO-in,-diam) w i r e s  extznding i n t o  the vacuum chamber 
(Fig.  6) from the two thermocouple extension cables .  The two 
sheathed cables were passed through the hea t  s i n k  by means of 
Swagelok f i t t i n g s .  Thermocouple p h g s  w e r e  a t tached t o  the  
free end sf the sheathed cables .  The leads from the plugs t o  
the reac tor  cL.-ltrol room were =de of 17-gage chromel-alumel 
e x t e n s i m  w i r e s  <2 conductor) with polyvinyl i n su la t ion .  

Six of the  36-gage c h r m e l - a l m l  thermocouples were p re -  
pared and cal ibraced a t  the  General Dynamics  Standards b b o r a t o r y .  
The r e s u l t i n g  cor rec t ion  curve,  based on s i x  temperature poin ts ,  
is shown i n  Figure 8. 
output among the s i x  thermocouples. A t  the  highest  hea t ing  
rate encountered i n  the i r r a d i a t i o n  experiment, the  e r r o r  i n  
the d i f f e r e n t i a l  temperature w a s  0.6% i n  93*F, or 0.65%. 

There w a s  no appreciable  d i f f e rence  i n  

Provisicns were made f o r  invest igacing the  performance of 
the calorimeter by - s e  of an electric hea te r  and an oversize 
vacuun dome. Xith the  calorimeter i n  i r r a d i a t i o n  configura- 
t i on ,  a 30-W car t r idge-type e lectr ic  hea te r  w a s  mounted on the  
bob of the  probe by aeans of a length of s p l i t  aluminum tubing 
(see Fig.  9 ) .  
en te r ing  threugh a vacuum feedchrough w a s  then screwed down 
a g a h s c  an O-ring seal. 

The l a rge  vacuum dome with the hea te r  wires 

Figure 10 shows the cdorimeter i n  the  checkout configura- 
t i o n  with c7n e a r l y  instrumentation setup.  
f i n a l  probe assembly, the thermocouple outputs  were read with 
a b e d s  & Northrup K-4 Potentiometer F a c i l i t y ,  hea t e r  cur ren t  
and vol tage were read with Hewlett-Fackard 412-B meters, and 
the thernocoupie reference was a Joseph Kaye Labs Reference 
Junction. Pressure i n  the  vacuum s y s t e m  w a s  measured with a 
thermocouple gage a t  a point  i n  the  vacuum l i n e  about 5 f t  
from the  chamber. 

I n  checking out the 

3.4 Lon Chamber 

The ion-chaiiber fixtrrre can be used interchangeably 
with the calor imeter  by removing one and a t t ach ing  the o ther  
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t o  the t ravers ing  mechanism. The ion chamber i s  supported by 
a mounting bracket attached t o  three  aluminum rods,  2s shown 
i n  Figure 11. A O.?;-in.-copper water l i n e  c c i l e d  around the  
ion-chamber dome prcddes  a heat  s ink .  The coaxia l  cables 
plug i n t o  Microdot 32-31 cable connections on the  base of the  
ion chamber. 

The 4-ct  ion chamber i s  based on a flow-chamber design by 
R. K. Able of Oak Ridge National Laboratory (Ref. 9 ) .  The 
chainber i s  modified from the  o r i g i n a l  Cl-sign i n  t h a t  i t  i s  a 
s ta t ic  chambcr, being f i l l e d  with C02 a t  a pressure of I a m u s -  
phere, m d  has an aluminum dome 0.025 i n .  :;hick ins tead  of a 
p1a:tic shell, 
the  outer  graphi te  high-voltage e lec t rode  is 0.25-in. t h i ck  
and i s  separated from the s ignal  e lec t rode  by a 0.125-i:#. gap, 
r e s u l t i n g  i n  a C02-filled volume of 4 cc. 

The e lec t rode  arrangement has been r e t a k e d  - 

The ion-chanher cur ren t  w a s  read by means of a precis ion 
picoammeter dr iving a 0-IO-mV recorCer. 

3.5 Traversing Mechanism 

3.n order t o  map a x i e l l y  along the in -p i l e  tube,  2 yack-and- 
pinion t ravers ing  mect , .mism with a servo pos i t ion  indfca tor  w a s  
used, A 3-phase motor was used zo dr ive  the rack i n  e i t h e r  
d i r ec t ion  a t  146 in./min; a coniinuous traverse through the 
24-in. r eac to r  core coulu be made i n  a p p ~  . m t e l y  10 sec. 
The pos i t ion  ind ica tor  allowed the de tec tor  t .3 be stopped a t  
any pos i t ion  between fu l l -up  and full-down, with pos i t i on  read- 
out t o  0.1 i n .  on a d i g i t a l  counter. 
w a s  22.3 i n .  

F u l l  travel of the  rack 

I n  order tr, keep gases i n  the i n - p i l e  tube fron escaping 
t o  the  atmosphere, the  connection between the  rack and the  
calor imeter  (or  ion chamber) f i x t u r e  was made by means of a 
1.5-in.  diam tube s l i d i n g  through a double O-ring seal i n  a 
f lange;  the flange w a s  a t tached to the  extension tube with 
a Narmoc clamp. The water l i n e s ,  vacuum l i n e ,  therocouple 
wires (four  chrorel-alumel and f i v e  copper-corstantan),  and 
coaxial  cable; were run through the tube and potted.  

3.6 F o i l  and Dosimeter Fixtures  

The i r r a d i a t i o n  f i x t u r e  f o r  the f o i l  ar.3 gamma-d.)simeter 
mappireg, as shown i n  Figure 1 2 ,  comprises a cage and 2-1 
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extensioq assembly. X e  cage ccns i s t s  of ead p la tes  jcFned 
by four s t r inge r s  (1/8 x 1% x 36 in.*? c f  perforated nlumintm?. 
h e  of the stringers i s  jmsitigned alcng the centc-riine and 
the other three are spacd l2D4 apa r t  on a c i r c l e  of 1.25-in. 
radius,  The f o i l s  and dcsirneters were attached d i r ec t ly  t3  
the stringers with t a p e .  

>.e Excmsion assembly, t o  which the cage w a s  a t tache5 
by means of three studs a2d wing nuts ,  mates t o  the toF of 
the extension tube by ceans of a flange and Marmon c l m p .  
tube wefded t o  and extending thrcugh the ffaage served as a 
trarldle and themccmple  f eed th rcqh .  
the fLange served as a vent l i n e  which doubled back under 
wa cor. 

A 

Another tube wefded t o  

4 separate t'ixttire, ca l led  tke perturbation f i x t c e .  w a s  
f & r i a i t e d  t; simuhte the transducer test f i x t u r e  :Ref .  1). 
This f i x t u r e  {F ig .  23 j ,  which w a s  interchangeable with the 
f o i r  and dosimeter cages, w a s  ccnstructed cf a sFare aluminum 
uanifs ld  black and two trrbes and a channel t u  simiiate gaseous- 
cootant passages. 

=-e detec tc r  t ,osicic2s cn the  f c i L  and dosimeter f ix tu re  
were aefi2Ed by designating the stringers as A, B, C, m d  D, 
as shcsn i n  Figure i t c .  Since the transducer manifold boss 
posit i2ns w e r e  2.5 in, apart, CeteztGr pcs i t icns  w e r e  made 
2 .5  i n ,  apart and numbered s t a r t i n g  a t  the bottom, Posit ion 
Ne. 6 w a s  -de t o  ccrrespond t o  the reac tor  center l ine .  The 
transducer ma=lifo;d was a l s o  centered i n  the r a c t o r  core so 
that posi t icns  correspsnded 0 1 1  both f ix tures .  
posit ion 6A was a t  the cez te r  of the  in-p i le  tube and on the 
center l ine  of the reactor  :ore. 

Fc;r ex.am?le, 
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Transducer Boss 
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Figure 13 Sketch of Perturbation Fixture 
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NPC 26,359 

Top V i e w  

Figure 14 Sketch Showing Orientation of Foil  and Dosimeter Fixtures 
i n  the Reactor Core 
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4. IRRADIATION PROCEDURES 

The i r r ad ia t ions  are described i n  the  seq;ence i n  whfch 
they w e r e  conducted, namely, f o i l s  awl doslmeters, ion c h a r ,  
and calorimeter. This sequence proceeded from the highest to  
lowest detector  s e n s i t i v f t y  so that the power leve ls  could be 
ordered from lowest t o  highest .  

4.1 Fo i l s  and Dosimeters 

Six 30-min i r r ad ia t ions  of seutron-detecting foils and 
gamna dosimeters w e r e  conducted on Nay 23 and 24, 1967. 
power l eve l s  were zero (core background), 45-5 W,  455 W, and 1.65 kW 
(three times). With the exception of zero power run, the  t i m e  
between inser t ion  and removal of the detectors  from the reac tor  
ranged from 1.2 t o  1.8 h. 
reac tor  care w a s  as sketched i n  Figure 14. 

Reactor 

@rien ta t ion  of the  t i x t u r e  i n  the 

Temperatures w e r e  monitored a t  f i v e  locat ions during each 
i r r ad ia t ion ,  but only s l i g h t  temperature rises occurred, 

The reac tor  power levels are based on a ca l ibra t ion  per- 
formed on 31May 1967 i n  which a hea t  balance a t  3 MW w a s  
correlated with the ion-chamber s e t t i n g s  uszd during the irra- 
diat ions.  

4.2 IonChamber 

The ion-chamber experiment w a s  performed on 25 May 1967. 
Several t raverses  were made through the  core a t  each of the  
following power leve ls  (again based on the  31 May ca l ibra t ion) :  
( i .G55 W, 1.65 kW, 16.5 kW, 33 kW, 91-1 kW, 122 W, and 165 kW. 
At 165 kW, the  msximm dose rate approached the  nominal icpper 
l i m i t  cf the  ion chamber. 

Cooling water f o r  the ion chamber w a s  supplied by a small 
gear pump mounted a t  the edge of the reactor  pool. 
l i n e  drew water frim the pool, and the discharge l i n e  from the 
tes t  f i x t u r e  returned the water t o  the pool. 

A suction 

Temperatures were monitored at  f i v e  locat ions - two on 
the ion chamber dome, two on the base, and one on the coaxial 
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cables. 
d i a t ion  w a s  about 809;  the maximum temperature recorded w a s  
102'F during the 165-kw run. 

Ambient temperature i n  the  in-p i le  tube before irra- 

4.3 Calorimeter 

The calorimeter measurenrents were made on 22 June 1967. 
Because of the t i m e  t o  reach temperature equilibrium (10-15 m h ) ,  
data w e r e  obtained only a t  se lec ted  locations i n  the tube, 
mainly near tLe center  of the core. 
t ions at  which data were obtained are shown below: 

The power levels  and p o d -  

Time Power U v e 1  Posit ion - ( in .  from top  of core1  

1056 
1109 
1121 
1135 

1353 
1422 
1517 
1518 

0,273 
0.455 
0.909 
1.89 

4,52 
6.78 
9 
0 

11.3 
11.3 
11.3 

0.2,2.4,4.6,7.5,11.3, 
14.5,18.4,20.5,22.6 

11.3 
0.2,11~3,22.6 

None 
.. '17p ~ 

Pressure i n  the  vacuuu sys tem I -W~ monitored throughout the 
i r r a d i a t i c n .  The thermocouple gage b Q located i n  the 0.25-in. 
vacuum l i n e  above the water level, or about 12  f t  from the 
calorimeter head. Approximately 1 2  ft of 0.50-in. tube extended 
frcnn the gage t o  the vacuum pump, a 140 l i t e r /min  Welch 1402. 
Indicated pressure (LC the beginning of the i r r a d i a t i o n  w a s  35 
microns and stayed a t  about t h a t  value through the 0.909-MW 
m. A t  1.89 the pressure i n i t i a l l y  increased t o  48 microns 
but r a the r  quickly reduced t o  40 microns and, a f t e r  about one 
hour, decreased t o  34 microns. A t  4.52 MW the  pressure was 58 
microns, and a t  6.78 MW the  pressure varied between 40 and 80 
microns, depending upon the posi t ion of the calorimeter i n  the 
core. 
9 W ,  a ra the r  rapid increase i n  pressure indicated a leak i n  
the vacuum syu tem and the test w a s  terminated. 

When the power l eve l  w a s  increased t o  approximately 

A subsequent inspection of the calorimeter indicated t h a t  
the leak was probably around the Swagelok f i t t i n g s  used as the  
thermocouple feedthroughs. Because these f i t t i n g s  could not be 
made vs~cuum t i g h t ,  they had been potted with epoxy; a t  9 EaJ the 
epoxy apparently softened enough t o  allow the leak t o  develop. 
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Three copper-constantan thermocouples were placed on the 
ontside of the calorimeter - one (T/C 1) was wired to the side 
of the dome, one (T/C 2) was clamped between the heat sink and 
dome nut, and one (T/C 3) was wired to the base of the heat 
sink (see Fig. 7). The meximum temperatures recorded at each 
of these locations are given in Table 6. 

Ta5le 6 

MAXIMUM EXTERNAL W R Z M E T E R  TEMPERATURESa 

Power Level 
(MI 

0 

0.273 

0.455 

0.909 

1.89 

4.52 

6.78 

9 

uaxiwm 

T/C 1 

90 

94 

98 

106 

124 

158 

166 

201 

a Tempe rature C 

T/C 2 

90 

91 

94 

97 

101 

103 

108 

113 

aAt position of maximum heating rate 

T/C 3 

90 

97 

100 

103 

116 

123 

128 

124 

Cooling water was supplied at approximately 40 psi by a 
small gear pump drawing water from the reactor tank. 
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5 .  RESULTS 

5.1 Calorimeter 

Most of the calorimeter data w e r e  obtained by posit ioning 
the probe near the center l ine  of the  reac tor  core and measuring 
the equilibrium temperature d i f f e r e n t i a l s  between thermocouples 
on i t s  stem f o r  various reactor  power levels. I n  addi t ion,  a 
pro f i l e  of the temperature d i f f e r e n t i a l  tn the  in-p i le  tube was 
obtained during a 1.89-MU run frm nine d i f f e ren t  probe posi t ions.  
Measurements w e r e  a l s o  made a t  the center l ine  and two extreme 
posit ions f o r  reac tor  powers near 7 MW. 

The calorimeter data f o r  the  d i f f e ren t  reac tor  powers and 
probe posit ions are l i s t e d  i n  Table 7. 
the  electromotive forces  developed by the  chromel-alumel thenno- 
couples, t h e i r  equivalent temperatures (obtained through use of 
the thermocouple reference t ab l s s  i n  Reference lo), and the r e s u l t -  
ing steadg-state temperature d i f f e r e n t i a l s .  These are the funda- 
mental input data f o r  a l l  calorimeter calculat ions and w i l l  be 
used f o r  reporting r e s u l t s  i n  terms of both nuclear hzating rates 
( i n  aluminum and carbon) and gamDa dose rates. 

These data cons is t  of 

5.1.1 Nuclear Heating Rate 

5.1 .1 .1  I n  Aluminum 

The nuclear heating rates i n  the aluminum probe are shown i n  
Table 9 f o r  the various reactor  powers and probe posit ions.  
mc-JlzecLed rates w e r e  obtained by svbs t i t u t ing  the AT'S from 
Ts'y le  7 i n t o  Equation 5 .  
re6ctcr pcwer i n  MU to  obtain the heating rate per u n i t  power. 
Tkc c3r:rsponding rates corrected f o r  heat  losses  were obtained 
f i c A  E q a t i o n  11, with s l i g h t  addi t ional  corrections being made 
.. coniective heat losses  a t  the three highest  powers. These 
heating rate: i n  aluminum are the most fundamental resdts from 
the calt\rimeter experiment and require  in te rpre ta t ion  cnly with 
respect to corrections f o r  heat losses through means other  than 
conduction down the stem of the probe. 

The 

These were then divided by the 

It i s  f e l t  that heat  losses through radiatioE f o r  reac tor  
power levels  of 1.89, 4 . 5 2 ,  and 6.78 raJ might be as high as 
1, 1 .7 ,  and 3.2%, respectively,  st the center l ine  of the reac tor .  
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Table 7 

CALORIMETER LiT DATA 

eactor 
lower 
L 
I. 273 

1.455 

I. 909 

. .89 

1.52 

i.78 

i.94 

D i s  tanceb 
(in.) .  

11.3 

11 " 3  

11.3 

0.2 

2.4 

4.6 

7.5 

11.3 

ZG.5 

18.4 

20.5 

22.6 

11.3 

0.2 

11.3 

22.6 

1 3435 

2.4546 

1 . 6968 
I - '1417 
1.9402 

2.0756 

2 . 2065 
2 . 2464 
2 . 1428 
1.9961 

I .  8672 

1.673? 

3.5938 

3.0188 

4.6608 

2.9742 

EMF a 
cmvf 

1.2495 

1.2948 

1.3884 

1,4170 

1.4942 

I. 5372 

I. 5872 

1.6061 

I. 5798 

I. S358 

I. 49G9 

1.3965 

2. I157 

I .  9370 

2. SO62 

i .  3726 

92.45 

97.22 

1.07.84 

110 . 06 
ilS - 511 
L24 . 52 
130.22 

131.82 

127.42 

120.87 

115.36 

106 . ?9 
190.22 

1,65.&7 

236 . 54 
l63.67 

38.32 

90.24 

94.42 

95.57 

90 * 1rc 

iO0.86 

L03.24 

LO3 . 8? 

lG2.98 

:oc. 78 

99. cs 
94 . 83 

126.29 

l18. $C 

143.21 

120.09 
- 

- 
T 
(9) 

4.13 

6.98 

13 -42 

l4.49 

19.37 

23.66 

26.98 

27 . 95 
2!, . 44 
20 . 09 
16 . 53 
1 7  
AI. 96 

63 . 93 
47 . 07 
93.33 

43.58 - 
5 h e s e  results are averages of a t  least  three independent read- 

ings of s l ight  fluctuations about the equilibrium temperature, so 
that there i s  l i t t le  chance for a significant reading error. 

bFrm top of core 
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Reactor 
Power 
(W 

0.273 

0.45.5 

0.909 

1,89 

4.52 

6.78 

6.94 
- 

Table 8 

NUCLEAR HEATING RATES IN ALUMINUM 

D i s  tancea 
(in.) 

11.3 

11.3 

11.3 

0.2 

2.4 

4.6 

7.5 

11.3 

14.5 

18.4 

20.5 

22.6 

11.3 

0.2 

11.3 

22.6 

(uncor - 
(Wlg A I )  

0,073 

0.124 

0.238 

0.256 

rJ. 343 

0.419 

0.478 

0.495 

0.433 

0.356 

0.289 

0.217 

1. ‘-32 

0.833 

1.652 

0.771 

Heating Rate 
2c ted) 
(W/g Al-PIW) 

0.267 

0.273 

0.262 

0.135 

0.181 

0.222 

0.253 

0.262 

0.229 

0.188 

0.153 

0.115 

0.250 

0.123 

0.244 

0.111 

Heating Rate 

0.073 

0.124 

0.239 

0.258 

0.346 

0.423 

0.438 

0.500 

0.437 

0.359 

r). 291 

0.218 

1.166 

0.858 

1.735 

0.794 

0.267 

0.273 

0.253 

0.137 

0.183 

0.224 

0.256 

0.265 . 

0.231 

0.190 

0.154 

0.11G 

0.258 

0.127 

0.256 

0.114 

%ram top of core 
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These estimates were cbtained by n L t i ? i y i n g  t h ~  L-CC.. - .., ... ---ts 
of Table 1 by a facto: cf 6: 
emissivity cf the prsbe (C.: 5 5 0 .3 :  and 2 f c r  neglc,-t cf 
the temperature d i s t r t b u t i m  cver the probe and 2% s.zcrs:::Ckng 
dcme, t h a t  i s ,  C = 2 i r r  Equaticn 2. MOreGver, the pxjsP2g 
system w a s  not ab le  t c  mafntain. as high a vacuum & r h g  the 4 .52 -  
and 6,78-W runs, so that the pressare increased f r r a  a ~ E B T  
constant l eve l  cf 35 micrcns t o  60 and 80 mfcrom, respectively.  
Thcls, convection losscs might w e l l  amount t o  l - 2  and 1.7%, 
respectively,  during these runs. Therefore, cne might aeccmt  
f o r  t o t a l  heat  k s s e s  of sonethirrg like I, 3, and 5% a t  the core 
center l ine  f c r  reactcr Fswers of 1.8?3 4.52, and 5.78 ?4W9 
respectively.  

3 f o r  the a2erta:gty 51 h e  

These estimated heat l~sses of 1, 3,  and 59. as :tie reactor  
center l ine  were p l c t t e d  against  t h e  temperature dfffexentiF.ls 
given Ln Table 7 fer the powers i n  question, cnd the resui t i l ig  
cuxve, i n  c c n j m c t i m  with Ilreesured AT'S* W ~ S  used tc estimate 
heat Losses at  c ther  2r3be p z s i t i m s  d u r k g  the ",89-MW aid 
6,78-W m s .  m e s e  heat losses were then used += obtzin the 
carrzcted heating r a t e s  of Table 8 ,  
heating rates c.f Pabh 8 f o r  a probe posi t ion of 11.2 In. below 
+,he top of the core (near the Yeactor crnterXr.e> axe plo t ted  
as Curves A and B i n  Z-Lgure 15. 

The uncsrrected and corrected 

I t  has k n g  been th.lcu&t tha t  the nuciesr keat isg race ir. 
the i n - p f h  tube cf the A S 3  shGuld inore lse  Ihearfy i-;l 3 r e c t  
proporticn wlth t h ~  reactcc pcwer. Curve C shows S ; L : ~ .  s de;>e3- 
dence based on data frcm few-pcwer operations W ~ C Z E  Feat  Lcsses 
are negligib:e, S i x e  the u c c r r e c t e d  data  of ;11.zxe A sre 'cso 
law f o r  the higher pGwers2 where heat losses are sigxLffzaDt, 
i t  is thougk? :kat Curves A and C should bracket tkc t x e  " r a t i n g  
rate in  the ASTR. Oxve E, bccspora t i zg  c x r e c t i x r  fcr heat 
losses, represents arr attempt t o  see hcw c icse  5 c - w  P. :SA b2 
made t o  approack Cuvr 2 i f  cne a s s u m s  heat k s s e z ,  cc be as 
large as can reascsably be j u s t i f i e d  f r c m  thecry. 

Carve €3 C G ~ S  wLthin aboilt 2Z cf L x v e  and b.s:aue cf 
the u n c e r t a h t y  i n  estizwtiqg heet Losses, ~5rtic2Parly c x -  
vective ccmponent, i t  i s  quitz p c s s i b h  that Curve C give; tke 
best estimate sf the t r x t  heating rate i k . r ,  .the -*---.- A G ~ b G l - z m  
cannot r d e  OUE t b s  F2ssibfTity t h a t  the heati3g r a t ~  GL&: 'A- 

crease l e a s  rspid2y than Curve C a t  higher pGwersS it w?..,, he 

WhLie cne 

.. 
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asstimed f c r  ccnver.ience h e r e a f t e r  t h s t  the  cen te r l ine  hea t in  
r a t e  i n  a1uuir.m can be cbtzined f o r  any r eac to r  power by LU!- 
t i p ly ing  the power i3 quest ion by 0.245 watt /g  El-E4r ' ,  the  slope 
cf Curve C i n  Figure 1 5  

Therefore, the cen te r l ine  data of Table 8 €or any r eac to r  
power leve l  of P ( i r ?  W )  can !x w r i t t e n  In the cocpac: fom 

q*/P = 0.265 uatt!g A I - W  

ami vLen converted t o  a dcst rate this can be ? w e d  di rec t ly  
with ion-chamber and dosimeter data obtaized at much lower paver 
l eve l s  HCreover, the corrected data of Table 8, giving 
q'(y)/P as a function of probe pos i t ion  y for a yeactor pawr 
of 
p r o f i l e  ctirve of q*(y) for t h a t  pawel-, and these cuIve* *a 
be canpared t o  s t r i p - c h a r t  recordings of ioc-chamker data 
c-btaized f r m  continuGus t raverses  thrmgh the core. lhese cm-  
pariscns w i l l  serve t o  r e in fo rce  the a s s q t i o n  of a l i n e a r  pro- 
por t r cna l i t y  between hea t ing  rates and reactor power for a l l  
core pos i t ions ,  a t  least f o r  powers below 2 Mni. H e n c 2 ,  i n  s-ry, 
a l l  cf the correc tea  6ats of Table 8 ,  as wll as data for any 
c the r  reac tor  Wuer below 10 MU, can essen:-ally be obtained 
from Carve X of Figure 16, which is a p l o t  0,' q*(vl/P fer aluminrmc. 

89 hw, can be m-l t ipl- ied by any Other p e r  tc oatdit, a 

5 1 1. 2 I n  Zarbon 

The equivalent heat ing rates f x  d cartm sample, uncorrected 
far heat -asses o r  d i f fe rences  i n  ne- t rw Leatmg, are obtained 
by subsr i t - i t ing  the 
according t o  Equatrorr 2 8 ,  these )..eatkg rates can be colrrected 
by rrult iplying :he corrected heatiitg rates i n  alrrminan frrxn 
lahle 8 by a constant f a c t o r  J f  i.064. 'If.,is lat ter a u l t i p l i c a -  
tron ad jus t sen t  i s  essentia11-y equivalent t3  dbtaining corrected 
r e s u l t s  by subs t i t u t ing  iv'io Eqmtion 29. These ccrrrecteL and 
unr?rrecteZ hect ing rp)_es for -,arbon are l i s t e d  in Table 9, and 
CIIC :?rrected r z t ~  p e r  u n i t  reactor power, q*(y)/P, is s l o t t e d  
aga ins t  core posi t ion as Curve B of Figure 16. 
hea t ing  curves for carbon (B; and aluminum (A) are the s a ,  of 
course.  s ince they d i f f e r  only by the  constant f a c t o r  above. 

a ' s  f r o a  TzL,'le I i n t o  Equation 6 ,  aqd, 

The sbapes of the  

T5e c.-lrves connecting the measuKed points  G f  FLgure 16 are 
the fourth-order,  least-- lures  curve f iL  t o  the data, and co- 
e f f i c i e n t s  for seron6, rd ,  and fourth-order f i t s ,  along with 
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0.273 

0.655 

0.909 

1.89 

4.52 

6.78 

6.94 

11.3 

11.3 

11.3 

0.2 

2.6 

4.6 

7.5 

11-3 

14.5 

18 .+ 

20.3 

22 -6 -. 
A& 03 

0.2 

11.3 

22 -6 

(Urtcox 
oris C) 

0.976 

C . I28 
0 . 267 

0.26: 

0.356 

0.435 

0.4% 

(! . x 4  

0.450 

0.376 

0.300 

0 . 220 
L. 176 

0.866 

I - 717 
0.802 

0.278 

0 . 281 
C . 272 
0.141 

0.188 

a ,130 

0.262 

0.272 

0.238 

0.1% 

0.159 

0.116 

0.260 

0.l28 

9.253 

O.il6 

a . m  
0.232 

0.256 

C.275 

0.368 

0.450 

0.514 

0 . 552 
0.665 

0.382 

0.310 

0.232 

1.241 

0.9l.3 

1.846 

0.845 

0.2w 

0.290 

c.280 

0. t,46 

0.195 

0.238 

0.272 

0 . 282 
0.246 

0-202 

0.164 

0 . 123 
0.275 

c .us  
0.272 

0.121 

%ram top of core 



their  standard deviations from the measured data, are given i n  
Appendix B. 
heating rate i n  carbon of 0.28 watt/g a t  a position 10 in. 
into the core. 
in. into the reactor d g h t  be sanewhat. lau, as w i l l  be discussed 
later, a d  this causes the least-squares cunre to  dip belaw the 
largest measured point at 11.3 in. 
point,  the least-squares cuNe would reach a peak value of 

In  Figure 16, one observes a maximum noxmalited 

It is t h q h t  that the measured point at 14.5 

Disregarding this doubtful 

a t  10.5 so that tte heating rate for LO-IIW opera- 
tion is expcted to be 2.83 watt/g C. 

5.1.2 Carra Dose Rate 

The dose rates in  the AS=, uncorrected for  heat losses 
or neutron beating, are obtained by substituting the temperature 
differentials fraE Tdble 7 in to  Equat ion  7. 
be corrected, according t o  Equation 30, by ml t ip ly ing  the cor- 
rected al&- heating rat s ( in  watt/g) from Table 8 by a 
constant factor of 4.1 x lo', with the resul ts  of t h i s  mult ip l i -  
cation equivalent t o  a substitution into Equation 31. These 
corrected 2nd uncorrected dose rates are listed in Table 10, 
and the dose rate per w a t t  of reactor power is d o t t e d  against 
core positicm i n  Figure 17. 
rates .io not d i f fe r  by too uch a t  the higher reactor pwers 
because heat losses are just about offset  by neutron heatf-ng. 

lhese dose rates can 

The corrected and uncorrected dose 

The alteration in the  profile c w e  brought about by omi t - -  
t ing the questionable 14.5-in. point is  F m by the dashes cuwe 
of Fume 17, uhich amunts t o  a correcti of no m o r e  than 2% 
at any positiaa. tiere, the corrected dose rate pex unit power 
reaches a peak of 109.5 R/h-watt, s o b a t  a maximum dose rate 
of 1.09s x lo9 R/h is indicated for full-power ASTR operation of 
10 W .  The coefficients for the least-squares curves of Ftgure 
17 are listed in Appendix B. A f u l l  discussian of possible d is -  
tortions in  the dose-rate profile of Figure 1 7  will be reserved 
wiil similar data have been presented for contir!ious traverses 
of the ion chamber. 
w i l l  be d e t e d n e l j  fraa a cauparison of these data. 

The f i r a l  dose-rate profile for the  ASTR 
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Table 10 

GAiMA DOSE B A S S  COMPUTED FROM -I€R MTA 

0 . 273 

0.455 

0.909 

1.89 

4.52 

6.78 

6.94 

11.3 

11.3 

11.3 

0.2 

2 -4 

4.6 

7 . 5  

11.3 

14.5 

18.4 

20.5 

22.6 

11.3 

0.2 

11 3 

22.6 

Dose Rate 
(uncorrectc 

(Wh x 

31.1 

52.6 

101 . 2 

109.3 

146 . 0 

178.4 

203 .4 

210.7 

184.3 

151 . 5 

123.1 

90.2 

482.0 

354.9 

703 . 7 

328.6 

L 
Rfh-W) 

113.9 

115.6 

111.3 

57.8 

77.2 

94 04 

107.6 

111 . 5 

97.5 

80.1 

65.1 

47.8 

106.6 

52.3 

103.9 

47.3 
1 

Dose Rate 

29.9 

50.8 

98.0 

105 . 8 

141 . 9 

I73 -4 

198.0 

205 . 0 

179.2 

147.2 

119.3 

89 -4 

478.1 

351.8 

711.4 

325.6 

1 

Wh-W) 

109. 5 

111 . 6 

107 -8 

56.0 

75.1 

91.7 

106.8 

108.5 

94.8 

77.9 

63.1 

47.3 

105.8 

51.9 

106.9 

46.9 

- 

I Prom top of core 
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3 . 2.3 E r r o r  Analysis 

The varrioa sources of error i n  tbe crlorireter pasure- 
m t s  of nuclear heating rates and the mhm airsigned un- 
certainties for a nuclear heat- rate at  the centerline of the 
core of rbaat  1.8 watt/g ~ l ,  corresponding t o  a reactor parer 
of 6.78 W ,  are as follaus: 

Source of Error uncertainties (t a 
Tkrmcauple  accuracy 1.0 
D i s t a n c e  between T/C's 0.2 
Area of stem 0.5 
T h e n ~ r l  conductivity of A 1  1.5 
Position i n  core 1.0 
Correction fo r  heat losses 3.0 
Reactor paver 3.0 

attenuation 0.5 
Spat ia l  flux dis t r ibut ion Negligible 

One standard deviation = - + 4.8% 
nS0 standard deviations (95% confidenze leve:) * - 4- 9.6% 

The physical dimensions of the c a l o r h t e r  probe were measured 
to the nearest 0.001 in.; an er ror  of 1 piil i n  the critical 
dimensions, i.e., the area of the stem and the distance betveem 
the thermocouples, would r e su l t  i n  the uncertainties given above. 

The t h e m 1  conductivity of aluminum used in  the calcula- 
t ions was taken from the NBS reccmne!nded curve (Ref. 2) for  pure 
alumin- and has been a rb i t r a r i l y  assigned the uncertainty of 
1.5%. 
used for  the probe w a s  not independently determined; however, the 
probe was  of high-purity aluminmu and carefully prepared t o  avoid 
defects. 

The thermal conductivity of the actual piece of aluminum 

The detector position w a s  indicated on a d i g i t a l  counter 
reading t o  0.1 in .  
full-up and full-down stops w a s  very reproducibie, the e r ror  i n  
position ineasurement should have been less than 0.1 in.  
the ends of the in-pi le  tube, where the k ~ v x  gradient is greatest ,  
an e r ror  of 0.1 in. i n  position would resu l t  i n  about l.6Z er ror  
i n  heating rate. 

Since the indicated position a t  both the 

Near 

A t  positions riear the center of the tube 
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negligible error would resul t .  The flux variation over the 
detector vol- was small, and since the center of detection was 
taken as the center of the bob, the variation i n  flux should be 
effectively averaged. 

"he reactor pauer level ccmputed fra heat balmces over 
many operations is considered to  be w i t h i n  + a, at least for  
regawatt pawr levels. Fcr the calor i re ter-kxpeuDt,  power 
levels for the 1.89-1y and higher poue!r levels were c m t e d  
frcm the reactor heat-balance -nts. rtr 0.909-1y and 
lower pwer levels, while set by reactor im-ch.rbcr rediqp, 
were corrected (by 5%) on the basis of the ion-chamber reudings 
and the heat balance a t  1.89 1y. 
itself -sas used to calibrate the reactor ion chambers by the 
heat-balance rethod. 

In other words, the upcriwDt 

Accuracy of the thermcauples was deterrined largely by 
the cmversicm of output voltage to terperature and by the 
error in  thermocouple output. 
on :he teraperature different ia l  between the pair of them- 
couples, vas about 0.5% at the highest heating rate and decreased 
at  the L o w e r  heating rates (see Fig. 8 ) .  Ttbe thermocouple 
output was read with an L & N type K 4  potentiareter to  the 
nearest 0.1 pv (five significant figures). Of course, the 
lower the heating rate, the sumller the temperature differen- 
t i a l  t o  be determined. A t  the lavest heating rate i=grloyed, the 
difference in output beween the thermocouples was 0.1940 mV. 

The latter, which depeds only 

A s  the reactor power level. is decreased below a Pegawatt 
the uncertainty i n  the thermocouple accuracy w i l l  increase by 
only a few percent, thanks t o  the pedestal. design of the calori- 
meter which gives relatively large tespelrature differentials 
for low heating rates. 
aiong with a slightly increased uncertainty i n  reactor power 
a t  lower levels w i l l  just about be offset  by a reduction of heat 
losses, so that the canbined mcertainty above is not expected 
to change by very much over the whole range of heating rates. 
For a given paver level, the uncertainty i n  heating rate measure- 
ments w i l l  increase somewhat for positions near the bottan of the 
reactor core because of gaunna r a y  attenuation through the base 
of the calorimeter. A t  the full-down position, the c d i n e d  
uncertainty for a 6.78-Mid operation might reach 12% a t  the 95% 
confidence level. 

This loss of thernocouple accuracy 
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5.2.1 G.rw Dose Ute 

fhe ion-chamber data were obtained mostly by continuous 
traverses of the detector thrasgh the core while recording the 
output of tbe picorPreter on a st r ip-chart  recorder running a t  
1 in./sec. 
urd b o t t a  t o  top, where rndP a t  each reactor pwer level. In 
addition, a t  each pawcr level the detector was  stoppexi 1 in. 
above the core center, tbe approximate location of the peak ganrsa 
dose rate, and a reading vas ,&tained for  a sufficient length of 
tbc t o  ensure a steady reactor paver and t o  eliminate effects 
of lag i n  the chamber readout due t o  the relatively rapid rate 
of traverse; th i s  procedure was used by approaching the center 
position f ro r  both the top and b o t t a  of the core. Table 11 
giver the dose rates, i n  R/h-U, uasured w i t h  the chamber stationary 
at the full-up position (0.4 in. outside the core), 1 in. above 
the center of the core, aud at the full-dawn position (2.1 in. 
f r a  the bo t t a  of the core). 
by 2 . s  for  neutrm contributions t o  the dose rate (Sec. 2.2.2). 

Several traverses af the core, f r a  top to  bottom 

The data in Table 11 are corrected 

Exadnatim of the data froa the continuous scans revealed 
that the lag In readout introduced a s h i f t  of about 0.5 in. i n  
the apparent position of the detector; th i s  w a s  corrected for  
tn the following manner. fon-chmber current output w a s  tabu- 
la ted fr- the charts for  1-in. increments for each of the 
pawer levels except 0.455 and 1.65 W ;  tabulations w e r e  made 
for  both top-to-bottcxn traverses and bottom-to-top traverses. 
The current readings were then converted to  dose rate i n  R/h-W 
and averaged (see Appendix C). 

The averaged data were then curve-fitted t o  a fouth-degree 
equation by use of a computer, and the coefficients cf each term 
for  the top-to-bottan and bottom-to-top traverses w e r e  averaged 
t o  obtain the equation for the gamrea dose rate as sc. function of 
position i n  the core (see Appendtx E).  Finally, this  fourth- 
degree equation w a s  used to  compute the dose rate as a rhnction 
of position; the resul ts  appear i n  Figure la. (Note that the 
average ion-chamber curve of Figure 18 does not include the 
O.455and 1.65-kW data,) 

The gamDa dose rate corrected for d 2.5% neutron contribu- 
tion t o  the ion-chamber response is shom as the solid curve pf 
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Table 11 

GAWA DOSE RATES BEASURED WITH ION QUM3ERa 

0 

0.455 

1.65 

16.5 

33 

91.1 

122 

165 

Avg  

F u l l  up 

72gb 

5 3 3  

50 . €b= 
50.0 

51.7 

52.7 

51.5 

69.7 

51.4 

Dose Rate (a/ h-h 
lbximn 

r 

1980b 

113.1' 

11s . oc 

108 . 9 

108.8 

109 . 2 

110.5 

107 .4 

110.2 

Pull Dawa 

842b 

61. Oc 

58.4' 

56.0 

57.7 

58.5 

58.7 

56.3 

58.1 

aCorrected for neutron contribution 
h / h  
CCorrected for background 
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Figure 18, and the data  points f o r  the calorimeter (Table 10) 
are p lo t ted  on t h i s  f igure  f o r  comparison. 
curve i s  observed t o  dupl icate  the dashed curve f i t  of Figure 17  
f o r  the calorimeter (which does not  include the  14.5-in. point)  
alclost exact ly  out to  16 in .  
beyond t h i s  point is shorn as the  dashed c u w e  of Figure 18. 
Thus, agreement i s  obtained between independent calorimeter 
and ion-chamber measurements, with a s l i g h t  increasing d i s -  
crepancy being fourrd toward the full-down posi t ion.  

The ion-chamber 

The f i t  t o  the  calorimeter da ta  

A s  the  calorimeter probe is  traversed toward the  bottom of 
the core,  more and more of the  gamnas music penetrate the ex t r a  
thickness of the  water-cooled base before s t r i k i n g  the probe. 
A rough estimate of the gamna rays attenuated by the base i n  
the worst case (full-down posit ion) indicates  t h a t  the e f f ec t ive  
gamma f lux  would be reduced by about 5%. Hence, one should expect 
the calorimeter dose rates a t  the  full-down posi t ion t o  be roughly 
5% lower than the ion-chamber rates because of gama at tenuat ion 
i n  the base. 

Now, with reasonable ad jusmsnts  f o r  posi t ion,  a l l  but ~ W G  

of the  calorimeLer dati points of Figure 18 w i l l  f a l l  on the  
ion-chamber curve. 
14.5 and 22.6 i n .  were the f i r s t  two measurements taken after 
the 1.89-MW power l eve l  w a s  a t ta ined ,  and by comparing the dose 
rates a t  common posit ions f o r  1.89 MW and f o r  6.78 MW (Tabla lo ) ,  
one obtains r a t i o s  of 1.08 and 1.01 fJr the  ful l -up and f u l l -  
dok- posi t ions,  respectively.  If the  reac tor  power level had 
not y e t  s t ab i l i zed  a t  1.89 MW i n  the Pall-down r a t i o  above, as 
might be indicated,  and i f  one assumes t h a t  this r a t i o  should 
have the 1.08 value of the  full-up posi t ion,  then the dose rate 
per  u n i t  r eac to r  power a t  22.6 should be ra i sed  t o  50.6 R/h-W. 
This, then, w i l l  give a corrected f u l l - d o n  dose raze which is  
5.5% below the ion-chamber reading, i n  agreement with the  attenua- 
t i on  estimate. Applyinc t h i s  same correct ion t o  the 14.5-in. 
value yields  a dose r a t t  p e r  u n i t  power of 101.4 R/h-W, which 
agrees very w e l l  with the ion-chamber value of Figure 18. 

The low points a t  calorimeter posi t ions of 

7 Ln s -mary ,  the excellen2 agreement between the celorimeter 
and ion-chanber measurements f o r  posit ions above the reactor  
centerf ine lends considerably more confidence t o  the  ion-chamber 
r e s u l t s ,  which depend on a ca l ibra t ion  i n  a known rad ia t ion  f i e l d ,  
but,  once independently and iden t i ca l ly  ca l ibra ted  i n  two d i f f e ren t  
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ways, the continuous ion-chamber measurements are more accurate 
for defining the dose-rate profile through the reactor core. 
Thus, the first two calorimeter measurements at 14,5 and 22.6 in. 
are believed to be low by about 5 - 5 % ,  due perhaps to a slow 
stabilization of reactor power nt 1.89 MW, and this seems to be 
verified by a comparison with caloziaeter data at -7 INe Once 
these corrections are made, the last three calorbter measure- 
ments toward the bottom of the reactor can be brought into line 
with the ion-chamber curve of Figure 18 by attenuation corrections 
with position of from 2 to 6%. 

The final dcse-rate prDfile from combined calorimeter pnd 
ion-chamber resulzs will then be considered to be given by the 
sdid curve of Figure 18, ar.d the less accurate dosimetar r?sults 
to be presented in Section 5.3 will be shown to be in subst-n- 
tial agreement witk  this =;;=-e. 

5.2.2 G a m a  Bacbround 

Before initiating reactor operation for the dose-rate 
mapping, measureaents of the core backgrouad level were ob- 
tained. Several continuous traverses were made k~ order to 
ensure reproducibility of results, A step-wise scan, in which 
the chamber was stopped every inch or so, WGE also made; the 
results of this traverse are presented in Figure 19. 

The reactor core was relatively "cold" at the time (May 25) 
the background measurements were made, the total history con- 
sisting of less than 100 MW-h of operation. 
operation had been on the two previous days, May 23 and 24 (foil 
and dosimter napping), and consisted of only 5.5 kW h. 
reactor had not been operated for several months prior to the 
mapping experiments. 

The most recent 

The 

5.2.3 After-Shutdown Dose Rate 

Upon comFletion of the dose-rate measurement& at 165 kW, 
the ion chamber was PO itioned 1.5 in. above the core center. 
The reactor was t3en melt down by manual scram, and the dose rate 
was recorded as a function of time. The results of this measure- 
ment appear in Pigure 20. 
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5.2.4 Error Analysis 

Thc potent ia l  errors i n  
the assigned percent 

S a u c e  of E r r o r  

Calibration: 
Dose Ute 
CurrcPt 

Expcriufic: 
L i n e a r i t y  
current 

the ian-cbrkr ur.UtCynts md 
rracertaintirr are u fallws: 

3 
Negliglole 

1 
2 

Thc dose rate i n  the cobalr-50 irrrdirtor is based on 
several  independent cclibr8tion8, OCK of which is a c-ison 
with m XBS standard. 'ihc error in current m u r m t  while 
making the ion-chs.iur c d i b r a t l o n  is conridered negligible 
because €t is an average of readings taken over a threeday 
pcriod. 

The l inear i ty  of the type ob foa chamber rued in t t i r  
c x p e r h n t  has been previoruly h w t i g a t c r d  by .n indirect 

'method vhich involved deterrrining the v o l t q c  a t  which ion 
collection decreased belau 99% urd at  which mdtip l ica t ion  fn- 
cressed no more than 1%. 
t o  dose rates w e l l  above those encountered in this uperknmt .  

Thc resu l t s  indicated chamber i h e u i t y  

The 2% uncertainty a8rf.gned the current  -qe8surkizent t 8  for  
tt.2 picollaact2r with recorder readout and inclvdcs the l i n e a r i t y  
Over a range fran 10-10 t o  10-5 amp. 

The temperature response of the %h i  chamber is  rough;;? 
0.1% per 9; however, the response time is a matter of hours. 
The calibration temperature i n  the i r rad ia tor  w a s  approxbately 
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9 0 9 ,  and &e temperature range in the reactor upcrivnt u s  
from about 800 to looop. 
and the shcrt t i r  required t o  ob-3 the data, no s igdf icur t  
error should be introduced by t h i s  factor. 

btcftue of the s m a l l  teqcrrture r-e 

I& neutron =spouse of th ion chamber constitutes a c a -  
puted correction of 2.52, vhich bu been us- an uncertriccy 
of 12. 

1& PSit iOSl  Of th h l  m r  W S  LadiC8cd to t& m S t  
0.1 h. 
error in h e  rate a€ 1.62 near the ucrait ies  04 the -tor 
core, but m a l l  error near tbe center of t k  core. 
ti- of the im cbder  u u  taken to  be the ceuter of detection 
so tht the spatial v.ri.tioa of tbe field &d tend to  be 
averaged. 

As disclu’ed i n  Sectla,  5.1.3, * M s  would result in an 

%e psi-  

A t  tbe reactor pmer levels rued in che i a n - w r  u p p i n g ,  

P m r  levels were themfore set by ion m r s  
teaperaturc rises were  coo smll t o  obtain accurute heat 
brhnces- 
calibrated in 8 separate 3-1y reactor opcr8tion. 

5.3.1 C o b a l t  G l u s  

The 8 n  dose is the f - -p i le  tube was ~ ~ u r e c l  with 
cobalt-&l.rs dosimeters in three separate irradiations. Tbe 
remits u e  tabulated in Table 12 along w i t h  g m  dose rates 
based 011 8 remctor paer level of 1.65 kW for a 3 0 4  Irra- 
diation. 
these data. 

No cornctim for core background has been applied to 

ligure 21 shows the average of a l l  the measureamts at 
CICEI positioa plotted on the ion-chrbtr --e of Figure 18. 
WIe tbtre is s m  izatter in the data pcints, the general 
-2% irith the ion-c-r dose rates is apparent. 

Thc dose rates w i t h  the perturbation fixture in the core 
(Run 6) are not apprechbly different frcm those vithout the 
fh tu re .  Ttst sc8tter in the three ~ ~ 8 s u r e m e n f : s  at  each of the 
dist8nces of 9.5, 14.5, and 19.5 in. is due at  least i n  p8rt 
to the normal variation encountered in multiple exposure of 
cobalt 
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24.5 
19.5 
14.5 
9.5 
4.5 
-0.5 

24.5 
19.5 
12.0 
4.5 

-0.5 

19.5 
19.5 
19.5 

14.5 
14.5 
14.5 

9.5 
9.5 
9.5 

Rura Ik. 

6 
4 
4 
4 
4 
4 

5 
5 
5 
5 
5 

6 
6 
6 

6 
6 
6 

6 
6 
6 

4.0 
6.2 
8.9 
0.8 
7 .4 
4.1 

3.6 
6.7 
8 -6 
7.7 
4.1 

6.7 
6.2 
6.7 

8.2 
8.7 
8.9 

8.6 
9.6 
9.4 

49 
75 
108 
107 
90 
50 

44 
81 
104 
93 
50 

57 
75 
81 

99 
LO5 
108 

106 
116 
114 

%ram top of core 
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5,3.2 "hermoluminescent Dosireterr 

Thermoluminescent dosinreters were i r rad ia ted  a t  45.5 W, 
455 W, 1.65 kw, and 1.45 kU w i t h  the p e r m b a t i o n  fixture 
(Runs 2 ,  3, 4 ,  and 6).  An exposure wirs a l so  =de at zero paver 
i n  order t o  obtailr the core backgr-und l eve l  f o r  use i n  correcting 
the data obtained a t  the lawest power levels.  

Table 13 and Figure 22 present a s\meary of the data as 
received frmn AGC. While the dose rates near the  center of the 
in-p i le  tube are s-uhat higher ~han those presented earlier, 
the general agreement i n  p ro f i l e  is  apparent. C a a p l e t e  details 
of t h i s  and addi t ional  data w i l l  be reported by AGC (2ef. 11). 

5 .G Neutrm-I)etectin& Foi l s  

5.4.1 Past-Neutron Flux 

The neutron f lux  above a n  energy of 2 . 9  HeV was measured 
w i t h  su l fu r  pellets durhg Runs 3, 4, 5 ,  and 6, and the  f lux  
above 8 . 1 H e V  was rPeasured with a1 nus f o i l s  in Ems 4, 5 ,  

Table 14; Figure 23 i s  a p lo t  of the sulfur-pellet data from 
Run 4. The average sulfur-to-aluminum r a t i o  is 33.9. 

and 6.  The u.ea'Q:ed fluxes,  i n  n/cm -9 -sec-W, are tabulaced in 

The sulfur-pel le t  data show the f lux  t o  he qu i t e  an i fom 
across the tube except i n  the direct ion toward the center of 
the reactox core (Stringer D). Also, the e f f ec t  of the per tur-  
bation f ix tu re  appeared t o  be t o  ir?cz,oase s-t the f l ax  
measared wit.,  the su l fur .  For a l l  pracr ica l  purposes, hawever, 
the difference is inconsequmtial. 

5.4 .2  The-1-Neutron -- Flux 

The thermal-neutron f lux  (Ec0.48 ev) w a s  measured with 
Bare and cadmium shielded copper f o i l s  in Runs 3, 4, and 6 .  

f o i l s  were pleced a: a l t e rna te  posit ions ( 2 . 5  i n .  apar t )  a lorg  
the center of the tube (Stringer A) and a l so  on the pe r tu rba t im  
f ix tu re  at posit ions approxhately equivalent t o  Str ingers  P,: B, 
and D. Table 15  gives the saturate< a c t i v i t i e s ,  in disintegr?-- 
tims per minute-gram-watt; the averages of these data f o r  each 
posit ion are plot ted in Figure 24.  From the p lo ts  of bare-foi l  
saturated ac t iv i ty  and cadm2.m-covered-foil saturated r c t i v i t y ,  
the cadmium-difference ac t iv i ty  (bare-foi l  saturated ac t iv t ry  
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minus cadmium-covered-foil saturated a c t i v i t y )  is obtained as a 
function of posit ion.  
d i r ec t ly  t o  thermal-neutron f l u ,  which is  a l s o  plot ted i n  
Figure 24. 

This cadmium-difference a c t i v i t y  converts 

Figure 25 presents a p r o f i l e  of theruial-neutron flux as 
determined by AGC from the rmoldnescen t  dosimeters, 
technique involves the  use of pa i r s  of dosimeters, one enriched 
i n  lithium-7 and the  other enriched i n  lithium-6; the former 
have a low s e n s i t i v i t y  t o  neutrons while the la t ter  have a high 
s e n s i t i v i t y  t o  thermal neutrons. Both dosimeters have apptoxi- 
m t e l y  tk same s e n s i t i v i t y  t o  ganmui rays,  so the lithium-7 
dosimeter response i s  used tc cor rec t  f o r  the gamma portion of 
the  response i n  the l i t h i m - 6 ,  thereby giving that portion of 
response due only t o  thermal neutrons. A su i t ab le  ca l ibra t ion  
Ln a known thermal-neutron flux permits a d i r e c t  conversion of 
dosimeter response t o  neutrcm Flumce, A comparison of Figures 
24 and 25 shows very c lose agreemect of r e s u l t s  by the two 
methods of measurement. 

This 

5.4.3 Neutron Spectrm 

Two sets of spec t r a l  detectors  (Table 4) were exposed i n  

The foil-method f o r  specif icatron 
Run 5 f o r  the pcrpose of obtaining an approximate neutron spec- 
trum f o r  the in-p i le  tube. 
of rreutron spectra  is  de ta i led  i n  Reference 12;  the procedures 
and r e s u l t s  are aut l ined i n  the  fcllowing sections.  

The neutron spectrum given i n  ZLgire ?6 f o r  the GSTR i n -  
p - l e  tube is believed LO represent a f a i r l y  good f i r s t -o rde r  
approximation t o  the true spectrum. 
because of the  nominal amount of data  obtained, the energy 
range below abouL 1 MeV is the most uncertain.  Nevertheless, 
the given spectrum agrees with expectations i n  t h a t  the rela- 
t i v e  thermal-to-fast component i s  less than t h a t  i n  an extremely 
sodecated region, e.8.: water r e f l ec to r ,  and the  epithenaa?. 
cmpor.ent has not achieved the 1 / E  d i s t r ibu t ion  i n  modera 

It i s  emryasized tha t ,  

on. 

5.4 .3 .3 .  Themal-Neutron SFectrsn 

The thermal spectrum includes that portion of the neutrons 
t h a t  are i n  equilibrium with the surrounding n,oditm. 
d i f f e r e n t i a l  ihexmal f lux  f14(h) is  defined adequately i n  the 

The true 
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Neu:ron tnergp (ev) 

Figure 2t 4pproxirPEtc xeutron Spectnra i n  the ASlR In-Pi le  Tube 



OSEs5.6 Eo by the  lWwe11LSd d i s t r ibu t ion  

= %(8/rmEg)  3 # E o  -E;EQ ( 3 5 )  

~ 9 1  is t k  tom1 b n s i t y  of tZC-1 WU-S d Eg = kT0 
is the -tic energy of the neutras a t  
of the distributian. 

tcqcratun 19 % 

I€w t rue tbervl (integrated) f lux  Fx is given by 

00 

Fn = JfnoQ: 
0 

where T, * 293.6"K. 

me above relations were used to derive the thermal  f l u x  
d i s t r ibu t ion  of Figure 26, which is normalized so that the average 
i n t e g r a l  neutrLn f lux  obuised W fo i l  
above ami bel- core center l ine  is 5-15 x 10 n/&-sec-~. 

UrCllfllts a t  6 .5  i n .  7 
5 -4.3.2 Epithermal-Neutron Spectrum 

The e p i t h e r m l  flux inclues  a l l  neutrons above thermal 
energies and is defined in the energy i n t e r v a l  5.b EQSE =LO-3 -V 
as the resonance flux. 
resonance coaponent c-nly follows a l / E  d i s t r ibu t ion ,  and is 
defined i n  terms rJf a constant and ths i r e  thermal flux by the  
r e l a t ion  

I n  thermalizing unperturbed media the  

where 8 is the eFithermal flux per x n i t  i n t e rva l  of 
un i t  t rue  thermal flux. 

krE per 



In terrs of "-surable" quantities, 

Indim 

Gold 

COPpeL 

Phosphcws 

*re K * # ( E C / E ~ ~ W ) #  - i, 58 for a Kaxvelliab distribution at 
a given temperam, Qk is tbe CYIli' ratio, and a is the 
r a h i c  of the resonance to In caQarents of the epitherrul cross 
sectims of the particular f o i l  used. 

1.46 

6.91 

580 

1.58(105) 

f3 = 1.90/(CR-1;(1 + a) (40) 

5.7 - + 102 

2-36 - + 2% 

14.1 5% 

25.0 - + 9Z 

V a l u e s  of 3 were &te.latned the average c a d m i u  ratios 
of indiu, gold, copper, ami ph~sphomus reactions in the 
Fpectral packets. 
the caw= ratios and a values. 

results are gives in Table  i d  along vfth 

20.1 

36.2 

1-62  

0-11 

Table 16 

RESOKAKE-NEIIZRON SPECIRAL ? W W E o W S  

Thin-Foil 
Cd Ratio 

a 

52-2 

26.6 

18.1 

14-0 



For a true 1/E spectrum, the values of 1/S should be 
equal and independent of the detector. 
indicate that F is  not constant but increases with increas- 
ing energy, a A f i e C  resonance spectrrm uas constructed from 
the different values of F w -  obtained for the four reactions. 

Since the values obtained 

5.4.3.3 Fast-Neutron Spectrum 

The measurement of the %st-flux spectrum by f o i l  activation 
enploys the use of threshold reactions: (n,p), (n,a), and (n,n').  
An ef f ic t ive  threshold energy Eef f  is defined such that 

oc 
f 

where us is the saturation value of the cross section (maxixuum 
mean value); f (E) ,  the di f fe ren t ia l  neutron flux; Feff, the 
to t a l  f a s t  f lux above Eef f ;  o(E), the cross section for  the 
particular reaction a t  an energy E; and ET, the true threshold 
e:.iergy. 

For each of the three threshold reactions used, viz . ,  
X ~ ? ~ ~ ( n , n ' ) ,  S32(n,p), A127(n,a), a f a s t - f h x  component above 
the nominal effective threshold energies of 0.85, 2.9, and 
8.1 M V ,  respectively, is  defined. For a GTEi-type spectrum 
(Refs. 8 or  12), the ra t ios  of the f a s t  f lux components are 
knuun and the d i f fe ren t ia l  f lux is defined. For other than GTR- 
type spectra, use is made of the defining equation of threshold 
energy and integral  f lux measurements t o  generate the true 
modified spectrum. 

Fortunately, the flux ra t ios  obtained for  the ASTR in-pile 
tube test locations verified the existence of the GTR-type 
spectrum i n  the f a s t  region and no fur+,Eler i te ra t ion  was re- 
quired. 
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APPENDIX A 

A-1  Steady-State Theory 

Assuming that he8t is prodw: uniformly throughout the 
-11 probe a t  c rate of q callclr sd -scc, one can write the steady- 
state tcqerature equ8ticm for one-dimensional heat flaw along 
the stem of t h e  probe as 

- d% - (A-1) 
dx k 

where k is  the thermal ccmductivizy. 
as stated i n  Section 2.1.1, are 

Ihe boadary conditions, 

T(xl - T2 at x = L 

The general solut ion t o  Equation A - 1  is  given by 

where the constants of integrat ion,  A and B, can be specif ied 
from the f i r s t  two boundary conditians: 

B = TI 
T2 - T1 + * 
L 2k A -  

Therefore, Equacion A-3,  giving the steady-state temperature a t  
any point x between the thermocouples on the stem of the probe 
(Fig. I), beccmes 
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(A-5) 

Hence, the rate of change of teqerature along the stem of 
the probe a t  the point x, i n  a d i r ec t ion  perpendicular t o  the 
cross-oetcioral area A, is given by 

and, according to  the last boundary condition, the rate of change 
of temperature i n t o  volume V is 

so t h a t  

Thus, the re la t ionship  between the  heating rate in  the probe and 
the  temperature difference between the thermocouples on i t s  stem 
i s  

2kA AT 
q - -  L 2v' + v (A -9 )  

where V - XA is  the volume cf that pa r t  of the cy l indr ica l  stem 
of length L and cross-sect ional  area A t h a t  l ies  ??eween the the rm-  
couples. 

A-2  Transient P 

The heat-rate  input of q ca lo r i e s  per  un i t  volume t o  the 
l a q e  bob of the probe (Fig. 1) is divided into two components: 
(1) t ha t  which is stored and senres t o  raise the temperature cf 
the bob, and (2)  t ha t  whkh is conducted away througn the stem 



of the probe. 
bob of the probe when its temperature increases by dT i n  a t h e  
interval of d t  is  giver; by 

The rate of heat  storage per u n i t  volune i n  tne  

dT cal dT - 0.3463 -- 
d t  q(gain) = PCp (A-10) 

where C 
probe, h i c h  has a density of ,P= 2.71 g / d .  

= 0.1278 cal/g-* i s  the spec i f i c  heat of the aluminum 

A t  the same t i m e  t h a t  t h i s  heat is being s tored,  the other  
p a r t  of the heat input t o  volume V' is being conducted away 
through the s t e m  a t  a rate per urit volume of 

M q(conducted) = - AT = 1.222 AT x (4-11) 
LV ' cm3,,,, 

where AT is the temperature d i f f e r e n t i a l  i n  % across the  stezn 
a t  time t .  Therefore, the heat-balance equation f o r  t he  case 
where heat  is  generated uniformly throughout volume V' of the  
probe a t  a rate of q cal/cid-sec i s  given bv 

q = q(gain) + q(conducted) 

= 0.3463 - +  dT 0.0122 AT 
d t  

(A-12) 

Now, a= i t  stands,  Eq*Jatim A-12 does not  account f o r  heat  genera- 
t ion i n  t!ie s t e m  cf the  probe, but Its solntion w i l l  g ive a good 
approximation as t o  how AT increases with time f o r  various unf- 
form gamaa heating rates throughout the probe. 

Rearranging Equation A-12 end in tegra t ing  the temperature 
d i f f e r e n t i a l  between thermocouples on :)TO s t e m  of the probe frm 
an i n i t i a l  value of ATi a t  t - 0 u? t o  a f i n a l  value of 
t i m e  t gives 

ATf a t  

AT c 

1 t = 0.3463 = -18.34 Ln q 0.0122 ATf 
-&Ti q - 0.0122 AT 0.0122 ATi 

I. 

or  
q - 0.0122 ATf 

3 - 0.0122 ATi 
exp !-t!2&.24) = 

33 



so that 

(A-13) 

Now as t becanes i n f i n i t e l y  large, me obtains the steady- 
state c u n d i t i m  fEf = 81.832, m i c h  is independent of ATi, 
so t h a t  i f  no heat were generszed 
thermocouples one should f ind 

stem volusae V between the 

(A-14) 

as oppo?.ad t o  0.01146 I f  one 
aswnes that quasi steady-state conditions are reached when t 
becomes large enough f o r  the exp(-t/28.34) t e a  in Equation A-13 
t a  be equal t o  0.01, then the  t i m e  requfred t o  reach 99% of the 
s teady-state  tempoiature when no beat is pr .erated i n  the stem 
vould be given by 

ATf f runEquat ion 4 (Sec. 2.1.1). 

t -28.34 tn(O.01) 131 sec = 2.2 min (A-15) 

Symbolicalty, the s teady-state  s o l u t i o -  of Equation A-14 
can be wr i t ten  as 

Comparing t h i s  t o  Equation 3, one sees in Figure A - 1  t ha t  
probe P i ,  i n  &ich heat is generated a t  a constant raL& q i n  
both the bob and the stem, can be replaced by probe P , i n  
which no heat is generated, and LSf w i l l  be unchange3 f o r  
the same heating rate i f  the volume of the bob Vi is replaced 
by Vi + V 1 / 2 .  

(A-16) 
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PROBE P i  'PROBE P2 

Figure 4-1 Equivalent Heat Probes a t  
Steady S t a t e  

Physically, the equivalence of these probes cdn be made 
plausible  by observing thd t  heat generated uniformly i n  the  
stem of Probe 1 w i l l ,  on the  average, be conducted away over 
a stm cf length L/2.  
t o  the  stem, qV1, can be considered t o  be concentrated a t  i t s  
center .  Hence, i f  the average path length f o r  heat conduction 
is doubled i n  order t o  refer AT back t o  a standard s t e m  of 
length L, then the t o t a l  rate of heat  input must be halved t o  
maintain the same value f o r  the product of the  heat  input and 
i ts  path of flow. 
s h i f t h g  half  of the heat  sources concentrated ar the center  
of the stem back i n t o  the large bob of the probe and c'iscard- 
ing the other h a l f ,  i s  accomplished b y  adding a volume of V 1 / 2  
t o  Lke Lob of Probe 1 and ignoring heat  generation i n  i t s  
stein, thereby producing Probe 2. 

Therefore, the e n t i r e  rate of heat input 

This balancing procedure, which requires  

Now by reproducing the previous solut ion f o r  Probe 2, where 
no heat is gencrated i n  the stem, one obtains the solut ion f o r  
uniform heat generation throughout Probe 1 by replacing V i  
with V' + V'!7: .:here the subscr ipts  of Probe 1 are dropped t o  
make i t  agree with the notation i n  the main t e x t .  Hence, 
Equation A-12 becomes 

q = 0.3463 

and Equation A-13 becomes 

dT + 0.01146 AT 
d t  

(A* -17 )  
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1 ATf = 87.32 [ q - (q - 0.01146 &ITi) 

Thu3, as t-w, one now obtains a steady-state solution 
of ATf = 87.32q, cr 

q = 1.146 ATf x cal/cm3-sec 

in agreement with Equatfon 4 of the text. 
state condition is again ass\;med to be reached when t o f  
Equation A-18 becomes sufficiently large that 

If a quasi steady- 

e -t/30.22 = o.ol 

(A-18) 

(A-19) 

then 99% of the equilibrium temperature for the case where the 
entire probe is being heated at a uniform rate will be attained 
in a time of 

(A-20) 

t = -30.22 In (0.01) = 139 sec = 2.3 min (A-21) 
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APPENDIX B 

LEAST-SQUARES CJRVE FITS TO DATA 

B - 1  Calorineter 

The pro f i l e  curves for heating rates and dose r a t e s  through 
m e  fi ts  the care of the ASTR were obtain-d from Least-squares 

ta cne measured data ,  and coef f ic ien ts  w e r e  obtained for repre- 
senting these curves as 

where y i s  the distance i n t o  the reac tor  czue. 

The coef f ic ien ts  f o r  the secor..l-, t h in j - ,  and fourth-order 
curve i i t s  t o  the various da ta  are l i s t e d  Fn Table 3-1, along 
with the standard devis t ions of the measured and computed values. 
The second and th i rd  sets of coefficfeii ts  can be cbtained by 
multiplying the f i r s t  ones by c o n s t m t  fac tors  of 1.064 arrd 410.04, 
respectively.  The f i n a l  set of coef f ic ien ts  givzs the dcsa-rate 
curve without rh2 data  p o h t  a t  y = 14.5 i n . ,  and t h i s  curve can 
be converted back int:, heating rates in aluminum an?& carbon by 
means o t  the c o x t a n t s  ebove. 

8-2 - Ton Chamber 

The equation f o r  the s n l i d  curve i n  FLgure 18, giving the 
dose r a t e  per wit reactor  power as a function of posi t ion y 
i n t o  the ASTR core, is 

q:/v = 5.9275 x 10"y4 -1.8209 x iOo2y3 - 0.3356 y2 

f 10.0224 y f 54.4753 

This equation can be evaluated t o  give the r e s u l t s  i n  Table B-2. 
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5.5 

6.0 
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7.6 

7.5 
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Table B-2 

DOSE RATES IMROlEH TtIE ASTR C9RE 

~~ 

59.40 

64.14 

68 . 70 
73.04 

77.17 

8i.oa 

84.75 

88. ia 

91.35 

94-29 

96.96 

?9.36 

101.50 

103.36 

104.96 

106.28 

Y 

8.5 

9.0 

9.5 

10.0 

10.5 

11.0 

11.5 

12.0 

12.5 

13.0 

13.5 

14.P 

14.5 

15.0 

15.5 

16.0 

~ ~- ~- 

107.33 

108.11 

108 . 61 
108.85 

108.83 

108.55 

108.02 

107.24 

106.22 

104.97 

103.50 

101.81 

99.92 

97.85 

95.59 

93 . 17 

Y 
-~ 

16.5 

17.0 

17.5 

18.0 

18.5 

19.0 

19.5 

20.0 

20.5 

?1.0 

21.5 

22.0 

22.5 

23.0 

23.5 

24.0 

~- ~ ~ 

90.61 

87.30 

85.08 

82.16 

79.16 

76.09 

72.98 

69.84 

66.70 

63.58 

60 . 50 
57.43 

54.57 

51.77 

49.11 

46 63 
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APPENDIX C 

ION- MTA 

Tcibles C - l  and C-2 contain the ion-chamber data s e d  
t o  construct the dose-rate prof i le  through the in-pi le  tube. 
Since the rapid rate of traverse introduced an apparent 
shift of detector position of about 0.5 i n , ,  the  traverses 
in opposite directions were trzatea separately i n  f i t t i n g  
coeff ic ients  t o  fourth-degree equations; these coeff ic ients  
were then averaged to give the coeff ic ients  used t o  generate 
the curve of Figure 18. 
generated from these data. 

Appendix B contains the equation 
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Table C - 1  

GAMA DOSE RATES PIEASURED WITH THE ION ( l i M B E R ,  
TOP-TO-BOTTOM TRAVERSES 

~ 

Distancea 

-0.4 
0.4 
1.4 
2 .4 
3.4 
4.4 
5 04 
6 -4 
7 04 
8.4 
9.4 

10.4 
I; 04 
12.4 
13 .4 
14.4 
15.4 
16.4 
17.4 
18.4 
19 -.4 
2u.4 
21.4 
21.9 - - 
-Prom top 

16.5 kW 

51.1 
58.2 
67.8 
77 .7  
85.7 
92.2 
97.9 

102.5 
105 . 9 
108 . 2 
109.7 
110.5 
110.2 
108 . S 
106.6 
103.1 
99.1 
94.2 
88.7 
82.2 
75.4 
68.4 
61.1 
58.2 

Dose 
33 m 
53.0 
57.7 
65.4 
7 5 . 1  
83.3 
90.4 
96.1 

100.5 
104.3 
107 . 1 
108 . 7 
109 . 6 
109.8 
109.4 
107.6 
105.1 
101.4 
96.1 
90.6 
83.9 
77.3 
7 1 . 1  
63.6 
59.4 

tte (R/h-W 
91.1 kw 

54.7 
60.3 
69.6 
78.7 
86.7 
93.4 
98.7 

103 . 0 
106.7 
109.4 
110.7 
111 0 
111 0 0 
110 . 5 
108 3 
105 . 1 
99.8 
95.0 
90.2 
84.1 
76.8 
70.4 
63.5 
61.1 

122 kw 

53.2 
59.8 
69.7 
77.9 
85.7 
92.2 
98.0 

102.8 
106.6 
108.8 
110.7 
111.6 
111.3 
110.6 
108 . 1 
104.9 
101.6 
96.2 
90.2 
84.0 
??.7 
69.9 
63.1 
61.3 

Average 

53.0 
59.0 
68.1 
77 03 
85.3 
92.0 
97.7 

102 . 2 
105. 7 
108 . 7 
110.0 
110.7 
110.6 
109.8 
107 . 7 
104.5 
100.5 
95.4 

83.5 
76.8 
70.0 
62.8 
60.6 

89.9 
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Table C-2 

-0.4 
0 . 4  
1.4 
2 . 4  
3 .4  
4.4 
5 . 4  
6 . 4  
7 . 4  
8 .4  
9 . 4  

10.4 
11.4 
12.4 
13.4 
14.4 
15.4 
16.4 
17.4 

19.4 
20.4 
21.4 
21.9 

i a  . 4  

GAtQiA DOSE RATES MEASURE.; WITH THE 
ION -, BOTTon-To-'zOP TRAVERSES 

16.5 kid 

51.8 
58.9 
68.9 
78.1 
86.2 
94.4 

100.1 
105.0 
108.2 
110.9 
111.2 
110.5 
109.0 
106.5 
103.8 
100.1 
96.0 
90.5 
86.0 
80 .1  
73.6 
67.0 
61.9 
58.2 

33 kW 

5 1 . 7  
60.8 
69.8 
80.4 
88.4 
95.4 

101.8 
106.7 
110.0 
111.8 
112.2 
111.3 
109.8 
107.1 
103.8 
99.0 
94.3 
89.7 
84.4 
78.4 
72.9 
67.4 
62 .1  
59.2 

lose Rate (R/h-W) 
91.1 kW 

54.2 
60.7 
70.8 
80.2 
88.8 
95.7 

103.2 
107.7 
111.1 
113.3 
114.4 
112.2 
112.2 
110.0 
108.0 
104.3 
98.9 
94.1 
88.2 
82 .3  
76.2 
69.5 
62.8 
61.5 

122 ku 

53.2 
60.7 
70 .1  
79.7 
00.6 
97.4 

103.0 
107.5  
109.9 
113.0 
113.5 
113.0 
111.2 
108.8 
106.0 
104.2 
98.0 
92.6 
87.6 
82.1 
75.7 
68.7 
62.1 
59.9 

165 MJ 

51.3 
56.7 
65.7 
7 5 . 1  
84.2 
92.1 
98.5 

103.8 
107.5  
110.2 
110.5 
110.5 
109.4 
107.5 
104.5 
101.0 

97.2 
92.5 
86.3 
79.2 
73.6 
67 .O 
60.1 
57.6 

Average 

52.4 
59.6 
69.1 
78.7 
87.2 
35.0 

101.3 
106.0 
109.3 
111.8 
112.4 
111.5 
110.3 
108.0 
105.2 
101.7 
96.9 
91.9 
86.5 
00 .4 
74.4 
67.9 
61.8 
59.3 

aFrom top of core 
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